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INTRODUCTION 
The growing interest in flexible architectures radio and the recent progress in the 
high speed digital signal processor make a software defined radio system an 
enabling technology for several digital signals processing architecture and for the 
flexible signal generation. In this direction wireless radar\telecommunications 
receiver with digital backend as close as possible to the antenna, as well as the 
software defined signal generation, reaches several benefits in term of 
reconfigurabilty, reliability and cost with respect to the analogical front-ends. 
Unfortunately the present scenario ensures direct sampling and digital 
downconversion only at the intermediate frequency. Therefore these kinds of 
systems are quite vulnerable to mismatches and hardware non-idealities in 
particular due to the mixers stages and filtering process. Furthermore, since the 
limited input bandwidth, speed and precision of the analog to digital converters 
represent the main digital system‘s bottleneck, today‘s direct radio frequency 
sampling is only possible at low frequency. On the other hand software defined 
signals can be generated exploiting direct digital synthesizers followed by an up-
conversion to the desired carrier frequency. State-of-the-art synthesizers (limited 
to few GHz) introduce quantization errors due to digital-to-analog conversion, and 
phase errors depending on the phase stability of their internal clock. In addition the 
high phase stability required in modern wireless systems (such as radar systems) is 
becoming challenging for the electronic RF signal generation, since at high carrier 
frequency the frequency multiplication processes that are usually exploited reduce 
the phase stability of the original RF oscillators. Over the past 30 years microwave 
photonics (MWP) has been defined as the field that study the interactions between 
microwave and optical waves and their applications in radar and communications 
system as well as in hybrid sensor‘s instrumentation. As said before software 
defined radio applications drive the technological development trough high 
speed\bandwidth and high dynamic range systems operating directly in the radio 
frequency domain. Nowadays, while digital electronics represent a limit on system 
performances, photonic technologies perfectly engages the today‘s system needs 
and offers promising solution thanks to its inherent high frequency and ultrawide 
bandwidth. Moreover photonic components with very high phase coherence 
guarantees highly stable microwave carriers; while strong immunity to the 
electromagnetic interference, low loss and high tunability make a MWP system 
robust, flexible and reliable. Historical research and development of MWP finds 
space in a wide range of applications including the generation, distribution and 
processing of radio frequency signals such as, for example, analog microwave 
photonic link, antenna remoting, high frequency and low noise photonic 
microwave signal generation, photonic microwave signal processing (true time 
delay for phased array systems, tunable high Q microwave photonic filter and high 
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speed analog to digital converters) and broadband wireless access networks. 
Performances improvement of photonic and hybrid devices represents a key factor 
to improve the development of microwave photonic systems in many other 
applications such as Terahertz generation, optical packet switching and so on. 
Furthermore, advanced in silicon photonics and integration, makes the low cost 
complete microwave photonic system on chip just around the corner. In the last 
years the use of photonics has been suggested as an effective way for generating 
low phase-noise radio frequency carriers even at high frequency. However while a 
lot of efforts have been spent in the photonic generation of RF carriers, only few 
works have been presented on reconfigurable phase coding in the photonics-based 
signal generators. In this direction two innovative schemes for optically generate 
multifrequency direct RF phase modulated signals have been presented. Then we 
propose a wideband ADC with high precision and a photonic wireless receiver for 
sparse sensing. This dissertation focuses on microwave photonics for radar and 
telecommunications systems. In particular applications in the field of photonic RF 
signal generation, photonic analog to digital converters and photonic 
ultrawideband radio will be presented with the main objective to overcome the 
limitations of pure electrical systems. Schemes and results will be further detailed 
and discussed. The dissertation is organized as follows. In the first chapter an 
overview of the MWP technologies is presented, focusing the attention of the 
limits overcame by using hybrid optoelectronic systems in particular field of 
applications. Then optoelectronic devices are introduced in the second chapter to 
better understand their role in a MWP system. Chapters 3,4, and 5 present results 
on photonic microwave signal generation, photonic wideband analog to digital 
converters and photonic ultrawideband up\down converter for both radar and 
telecommunications applications. Finally in the chapter 6 an overview of the 
photonic radar prototype is given. 
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CHAPTER 1 
 
 
 
 
1. OVERVIEW ON MICROWAVE PHOTONICS TECHNOLOGIES 
AND APPLICATIONS 
 
In the last decades of the 20th century the cross fertilization between fiber-optic 
and radio wave engineering starts to create new interdisciplinary macro-area called 
Microwave Photonics. Basically the main objective of the MWP technology is to 
reaching improved performances, emerging functionalities and new application 
fields in modern wireless systems that cannot be immediately achieved by using 
classical and univocal technologies [1][2][3]. The basic concept of the MWP 
system is based on the radio over fiber distribution with electro-optical and opto-
electrical conversions at the ends of the link. The key advantages of a MWP 
system are high speed and high bandwidth (with consequently high transfer data 
rate), very high dynamic range, reduced cost, size and weight, low power 
consumption and attenuation, reliability, tunability and high immunity to the 
electromagnetic interference [4]. 
Modulation, control and detection of high frequency and high bandwidth signals 
represent the key factors of photonic devices and vibrant research field for rapidly 
growing manufacturing capability. For example interesting progress has been 
made in the field of the laser sensors (semiconductor lasers, cavity lasers, MLL, 
VCSEL) and their bandwidth for direct modulation and injection locking [5][6]. 
For the external modulation several investigations have been made in the last 
decades concerning lithium niobate interferometric external modulators with more 
than 40GHz of bandwidth [7][8]. 
High speed photodetectors with high responsivities, bandwidths and optical 
power-handling capability are used for the detection of optical signals in MWP 
systems [9][10]. Recently the UTC-PD overcomes the saturation power limitation, 
given by the nonlinearity of the photodetector response [11][12].  
Talking about the MWP applications, EW systems for defense applications drive 
the research activity in this filed for the signal generation, distribution and 
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processing up to the today‘s concepts of the future access networks for broadband 
communications [13]. To better explain the helpful contribution of the MWP for 
RF applications in the following text a brief review on the most important 
microwave photonics techniques is given. In the Figure 1.1 the four macro-areas 
of MWP and their relative application fields are presented. 
 
 
Figure 1.1 MWP macro-areas and applications 
 
Radio over Fiber 
The low loss, broadband bandwidth of the state of the art optical fibers represent a 
well known and very interesting solution for the distribution of wide band radio 
signals over optical fiber (compared with electrical media) for deployed systems in 
many practical applications such as antenna remoting (Figure 1.3), wireless signal 
distribution (Figure 1.2) and UWBoF for GPON. As example the weight and 
attenuation are typically 1.7 kg km–1 and 0.5 dB km–1 for optical fibre and 567 
kg km–1 and 360 dB km–1 at 2 GHz for a coaxial cable. 
The integration of fibre-optic and wireless networks for the HFR is the more 
successful application of RoF technology, to distribute telecommunication 
standards and to provide untethered access to broadband wireless communications. 
HFR networks have been deployed in the last decade due to the increasing demand 
of high-bitrates communication services in today‘s access network [1][2][14][15]. 
The most important benefit is the ability to reduce system complexity by using a 
centralized architecture and flexible approach for remotely interfacing to multiple 
simplified antennas as close as possible to the final users. 
Radio frequency signal processing is represented by a shared centralized location 
also called Central Office. Then state of the art optical fibers are used to distribute 
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multiple signals (or communication standards) to the remote access units (Figure 
1.2). RAUs can be drastically simplified, as they only need to perform 
optoelectronic conversion, filtering and amplification functions allowing important 
cost reductions. It is possible to use WDM in order to increase capacity and to 
implement advanced network features such as dynamic allocation of resources. 
The CO and the RAU perform electro-optical and opto-electronic conversion 
respectively. E/O conversion is achieved employing either injection locking or 
external Mach Zehnder modulators. O/E conversion is done employing 
photodetectors or TIA. 
 
 
Figure 1.2 Basic scheme of RoF and UWBoF system 
 
 
Figure 1.3 Basic scheme of RoF antenna remoting for Square Kilometers Array (SKA) 
 
Furhtermore thanks to the low loss and broad bandwidth of the state-of-the-art 
fiber, the distribution of UWB signals [16][17] over fiber, or UWB-over-fiber 
(UWBoF) [18][19][20], is also considered a promising solution for the UWB 
indoor communications or IR systems from 3.1 GHz to 10.6 GHz (FCC 
compliance) and for the 60GHz WiGig standard [21]. 
To distribute radio signals over optical fiber a few key points have to be taken into 
account such as the dynamic range, the noise figure and gain of the optical link 
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directly related to the device‘s parameters as RIN, photodetector‘s responsivity, 
phase noise, input power and more. In this direction, considering different trade-
offs and figures of merit few possible approaches to transporting radio signals over 
optical fibre, is implemented: baseband-over-fi bre, intermediate-frequency(IF)-
over-fi bre and RF-over-fi bre. Since the photonic link is considered a good 
solution for radio signal distribution, problems related to link gain and noise, 
figure and dynamic range are under investigation. Several techniques provided for 
link optimization by using feed-forward linearization, predistortion, MZM 
hardware and software linearization, balanced detection, bias control are reported 
in [22][23][24][25][26][27][28]. 
 
Optical Beamforming 
Phased array antennas (PAA) play an important role in modern multifunctional 
radar, sonar and wireless communication systems with no moving part 
(electroning sttering) and less drag. The basic principle is the control of the 
relative phase of an RF signal between successive radiating elements of an antenna 
array. Therefore a beam-forming network is used to create the required phase 
shifts at the input of the antenna in order to create an oriented beam. The 
bottolnecks of a PAA could be finded in the operational bandwidth often limited to 
narrowband functionalities due to the well know squint phenomenon which cause 
frequency depended orientation and beam corruption[29][30]. Desiderable 
solution should have the usage of a true time delay lines to provide real delay and 
wideband operation. 
In a phased-array, photonic TTD beamforming by using optical fiber networks 
(called OBFN) is the best way to provide squintfree electronic beam steering for 
wideband applications (see Figure 1.4).  
 
 
Figure 1.4 Basic scheme of optical beamforming system 
 
A first TTD network has fixed-length optical fibres as the delay elements and N 
sets of switchable fi bre-optic delay lines with multiple sources to create an N-bit 
delay [31]. After that TTD networks incorporated high-dispersion optical fibres 
was used.The dispersion property of the fibre-optic link creates variable delays for 
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variable wavelengths of a TLS [32]. To reduce the size, cost and drag of the 
fiberoptic prism, the dispersive delay lines have been replaced by FBG delay. In 
this way the time delay for the RF signal can be continuously steered by sweeping 
the wavelength of a TLS [33][34][35][36]. If the FBG arrays in the delay lines are 
replaced by linearly chirped FBGs, a true-time delay beamforming system with 
continuous beam steering capability can be realized [37][38][39]. 
 
Photonic Microwave Signal Generation 
A frequency-agile RF or mm-wave system with very low phase and amplitude 
noise on the transmitted signal is an important requirement for radar and wireless 
communications with enhanced performances in terms of sensitivity and precision. 
In a conventional system, the spectral purity of the microwave signal also depends 
on the frequency stability of the local oscillators. In order to satisfy the microwave 
regime and to improve the RF signal stability, the combination of different type of 
oscillators (i.e. acoustic and electrical) is necessary. Some of the weaknesses of 
this implementation is the usage of low frequency resonant modes, the necessity of 
a great number of multiplication stages, and the strongly frequency dependent 
performance of microwave signal in terms of amplitude and phase jitter. The aim 
of the historical proposed photonic approaches is to give an alternative way for a 
flexible microwave signal generation suitable for high frequencies systems (THz 
signals) [40][41]. 
The optical heterodyning concept is the basic principle of the microwave or mm-
wave signal generation. It is often based on the beating in a photodetector of two 
optical waves of different wavelengths (Figure 1.5), where the spacing of the two 
optical waves represents the corresponding generated frequency in the electrical 
domain [42][43]. 
 
 
Figure 1.5 Basic scheme of photonic microwave signal generation 
 
In this direction four different techniques have been proposed and demonstrated: 
the optical injection locking, the optical phase-lock loop, the microwave 
generation using external modulation, and finally the dual-wavelength laser 
source. 
An optical injection locking system consists of a master laser and two slave lasers. 
The signal at the output of the master laser (driven by a reference RF signal) is 
then injected into the two slave lasers which are wavelength-locked by the +nnd-
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order and -nnd-order sidebands from the output of the master laser producing RF 
signals after the photodiode [44]. The OPLL instead, is based on the fact that the 
optical phase of one laser is actively locked to the phase of a second laser by using 
a feedback network, where the obtained beating phase is compared with that of an 
RF reference given from a microwave oscillator [45][53]. High-quality microwave 
signals (with fixed carrier or frequency tunability) can also be generated based on 
external modulation using a Mach-Zehnder modulator, fixed or tunable laser 
sources, optical filters and a photodetector [46][47][48][49][50][52][53]. On the 
other hand by using a dual wavelength laser source with wavelengths difference 
set to the desired RF carrier is possible to generate microwave signals with good 
phase stability since wavelengths are generated starting from the same cavity [54]. 
Furthermore the photonic generation of arbitrary waves for applications including 
pulsed radar, UWB, optical \electronic measurements and ground penetrating radar 
is an attractive and growing research field [55][56][57]. 
 
Photonic Analog-to-Digital Converters 
The software defined radio paradigm, benefiting of adaptive digital signal 
processing, represent the unique way to increment system reconfigurability and 
performances. To do that great enhancements have been made in the field of the 
high speed digital signal processing but the real system‘s bottleneck is represented 
by the UWB analog-to-digital converters which are often limited in speed and 
precision by the sampling clock jitter and analog input bandwidth [58][59].  
The photonic ADCs present key advantages with respect to the classical 
approaches, which include more precise sampling times, narrower sampling 
apertures, and the ability to sample without contaminating the incident signal. 
Recently, the use of optical techniques to achieve photonic ADC has attracted 
great interest in particular regarding the photonic sampling and electronic 
quantizing ADCs where UWB sampling is performed in the optical domain while 
quantization is performed in the electrical once. The great success of the photonic 
sampled and electronically quantized ADCs is thanks to the technological 
breakthrough in mode-lock laser sources, able to producing very low jitter, ultra-
narrow and high-repetition-rate optical pulses. Basically a PADC is composed by 
an ultra-stable pulsed laser, an external optical modulator, and a high speed 
detector (see Figure 1.6). 
 
 
Figure 1.6 Basic scheme of PADC. 
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Since the system is similar to an analog photonic link its performances are 
characterized by the link SNR, SFDR, modulator bandwidth and index, 
photodiode responsivity and so on, but has the potential for a sampling time equal 
to the optical pulse width and a sampling jitter equal to the laser jitter. In addiction 
the system bandwidth and overall dynamic range capability (given by the MZM 
and the PD) may eliminate the need for downconverting and filtering stages to 
reduce the carrier frequency of the RF signal to an intermediate frequency 
allowing a simplified system with reduced cost. Furthermore the PADC is suitable 
for remoting since only the electro-optic modulator needs to be in the vicinity of 
the RF source. Other devices could be placed in a remote central unit allowing 
compact and light modules. The parallel nature of the back-end digitization 
portion of the system allows parallel processing; in fact, after the optical sampling 
process, a subsequent pulse switching is capable to split the pulsed samples into 
several parallel flows at lower sample rate, allowing to exploit precise narrow-BW 
electronic ADCs, Figure 1.7 [60]. Techniques used for the parallel PADC are 
TDM and WDM. 
 
 
Figure 1.7 Basic scheme of interleaved PADC 
 
Time interleaving multiplexing was implemented by using an active 1-to-N optical 
switch to distribute the interferometer output pulses to N parallel channels of 
detection electronics since a temporal window is created to route every Nth pulse 
to the same channel, thereby reducing the effective data rate into each electronic 
ADC by a factor of N [65][66]. 
In a WDM approach after the modulation optical pulses are separated into N 
distinct pulses each at a different wavelength. Discrete-wavelength pulse 
separation has been achieved using a wavelength-division multiplexer (WDM) 
along with fiber delay lines [61][62] and an arrayed-waveguide grating (AWG) 
with integrated feedback waveguides [63][64]. The demultiplexed pulse trains are 
demodulated by photodetectors and digitized in parallel using electronic ADCs. 
This passive demultiplexing is an advantage of the wavelength-division technique 
relative to the time-division technique, which requires an active demultiplexer 
containing accurately timed optical switches. However, this advantage is attained 
at the expense of a significantly more complex optical source that must generate a 
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periodically repeating mutliwavelength pulse train with very precise interpulse 
spacing. While wavelength-interleaving is most sensible to the time skew, time-
interleaving suffers the inter-channels crosstalk due to the limited extinction ratio 
of the optical switching matrix. 
 
Photonic Filters 
Basically signal filtering is a useful tool to perform signal processing after the 
reception of RF signals. High performances microwave filters usually operates at 
low frequency (IF) after several down conversion stages. The concept of the MWP 
filters is based on the direct RF processing after the optical sampling architectures; 
in fact after amplitude or phase modulation (by an external MZM) the RF signal is 
directly processed in the optical domain by fibre and integrated optical delay lines, 
devices and circuits (Figure 1.8). 
 
 
Figure 1.8 Basic scheme of photonic signal processing and filters 
 
Microwave photonic filters are of great interest in many applications such as RoF 
or UWBoF systems for both channel-rejection or channel selection applications; 
radio-astronomy, where the signal transmission from several stations to a remote 
central site requires the removal of strong man-made interfering signals from the 
astronomy bands. In addiction MWP filters for RF signals can also be useful for 
light weight applications as for instance co-channel interference suppression in 
digital satellite communications. Another interesting application is the MTI filter 
for clutter and noise rejection (directly in the optical domain) in radar applications 
making the complete system more agile, flexible and tunable [67][68][69][70]. 
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CHAPTER 2 
 
 
 
 
2. PHOTONIC COMPONENTS FOR MICROWAVE 
APPLICATIONS 
 
A brief discussion about the most important devices for a microwave photonic link 
is presented in this chapter. In particular the basic concept and equations will be 
given of the Mode Locked Laser, the Mach Zehnder Modulator (E\O conversion) 
and the photodiode (O\E conversion). 
 
2.1. MODE LOCKED LASER 
A Mode Locked Laser has the peculiarity of a well-defined and fixed phase 
relationship between all modes in the laser cavity. If the phases are locked in such 
way that there is a constructive interference between the modes at an instant and a 
destructive interference at other times, the output will appear as a pulse. 
A mode locked laser time domain can be represented as a periodic function with 
equally spaced pulses. The period of the laser function is 
2
T




 where   
represents a laser characteristic repetition frequency. The pulse duration instead is 
a function of the number of modes (The pulse duration decreases as the number of 
modes increases) and it can be represented as 
 
2 1
2 1N


 
 
  
 where   is 
a full width of the generation band also called laser bandwidth BW. Therefore a 
time domain equation which represent the laser time domain function can be 
expressed as following where  i t is the laser intensity and N the number of 
modes [1][73]. 
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
 
    
 
 
     (2.1)
 
 
In the next figures (Figure 2.1, Figure 2.2) some examples of the time domain 
mode locked laser signal are reported for different values of propagating modes, 
time and amplitude jitter called respectively  j t  and  a t . The laser repetition 
frequency has been setting to 400 MHz which represent the final value of the 
selected commercial device. In the figures the time and amplitude jitter are 
represented as two Gaussian random process with mean value set to zero and 
standard deviation set to 10 fsec and one part over one million. 
 
 
Figure 2.1 Time domain mode locked laser representation (N=10) 
 
 
Figure 2.2 Time domain mode locked laser representation (N=20) 
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As previously said the subsidiary peaks are more attenuated when the number of 
modes increases and the pulse time duration decrease as results of the direct 
relation. 
A simple structure of the obtained laser spectrum due to the Fast Fourier 
Transform of the time domain representation is shown in the Figure 2.3 where it is 
easily distinguishable the line spectrum modulated by the Gaussian laser envelope 
with bandwidth  . Each laser line is spaced by the pulse repetition frequency. 
 
 
 
Figure 2.3 Mode Locked Laser Spectrum 
 
The mathematical equation for the frequency domain representation can be written 
as: 
 
       
    
  
2
2
sin 2 1
2
sin
2
N t j t
MLL f FFT i t FFT A a t
t j t


   
        
   
     (2.2)
 
 
and finally as a superposition of 2M+1 Gaussian shaped optical modes centred at 
the frequency 0 0f c  and with a pulse repetition frequency REPf . The amplitude, 
phase and time jitter input of the generated laser modes are indicated respectively 
as nA , n , and  j t . 
 
       0 0
2 2REP REP n
M
i f nf t f nf j t
n
n M
MLL f A e
       

 
  (2.3)
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2.2. MACH ZEHNDER MODULATOR 
 
An electro-optic modulator (EOM) is a device which can be used for controlling 
the power, phase or polarization of a laser beam with an electrical control signal. 
The most important electro optic modulator is the Mach Zehnder Modulator which 
is device used to determine the relative phase shift between two collimated beams 
from a coherent light source [77]. The basic function of the MZM is further 
decrypted. Lightwave is split (a 3-dB splitting) into two arms when entering the 
modulator. Each arm of the LiNbO3 modulator employs an electro-optic phase 
modulator in order to manipulate the phase of the optical carrier if required. At the 
output of the MZIM, the light is combined from these arms at the output it can 
vary between a minimum level (corresponding to destructive interference) and a 
maximum (due to constructive interference) (Figure 2.4).The simplest Mach 
Zehnder design is one in which phase modulation is applied to only one of the 
arms, but it is also possible to have dual electrode designs and these have been 
used for optical single sideband generation (OSSB) in order to overcome the 
dispersion penalty which occurs in mm-wave fiber radio systems 


Figure 2.4 MZM diagram 
 
The basic approach of the MZM is based on: 
 
1. The actual optical power level (Po) depends not only on the modulator but also 
on the power supplied by the laser source (Pi); so the y-axis is a ratio of 
powers rather than being absolute power. 
2. The x-axis is also a ratio, of the drive voltage Vm to Vπ (defined as the voltage 
required for a phase shift of 180° between the two modulator arms). 
3. The transfer characteristic is periodic, in principle allowing more choice in 
terms of choosing the bias point.  
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Considering Tff the modulator‘s insertion loss when the MZM is biased in its 
minimum transmission point the transfer characteristic of the, modulator is given 
by: 
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I
cos1
2
0        (2.4) 
 
And it can be seen in the Figure 2.5. 
 
 
Figure 2.5 MZM transfer characteristic 
 
Applying a bias voltage of VB=n Vπ/2 (where n is an integer) the drive voltage 
becomes VM=VB+vm(t) and, assuming a small signal modulation vm(t) (with vm(t) 
<< VM), the equation can be rewritten as: 
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Therefore the optical output power of the MZM is given by: 
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The electro\optical conversion efficiency (the slope efficiency) is obtained as: 
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Considering the case where vm(t) is comparable with VM the effective output 
power and the conversion efficiency can be written as (   Vtvm  represent the 
modulation depth dm ): 
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In Figure 2.6 an example of the optical output power of the MZM is presented in 
function of the modulation depth as reported in equation 2.7. Other simulation 
parameters are: Vπ=3.5V and the modulator‘s insertion loss equal to 1dB. 
 
 
Figure 2.6 MZM Outupu power as function of the modulator modulation depth 
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For a laser optical input power of -10dB the time domain representation of the 
MZM output is reported in Figure 2.7 for four different modulation depths. 
 
 
Figure 2.7 MZM output in function of the modulation depth 
 
So main that in order to increase the efficiency of the external modulation is 
possible to increase the input optical power in addition to a low Vπ MZM with 
minimum insertion losses.  
A Mach Zehnder modulator will in general produce multiple optical sidebands 
when modulated by a microwave sinusoid, leading to terms in ω0±nω0. This is a 
consequence of the nonlinearity of the E/O conversion process. However, through 
appropriate bias and modulation conditions, it is possible to suppress higher order 
sidebands, leaving a carrier plus an upper and lower sideband, namely ω0 and 
ω0±nω0 [75][76][78][73]. 
 
2.3. PHOTODETECTOR 
 
In general an O/E device (commonly called photodetector) converts incoming 
modulated light into corresponding variations of current. The most important 
requiremetns for a photodiode are represented by the quantum efficiency, the 
responsivity and the device‘s bandwidth. 
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The quantum efficiency η is defined as the ratio between the number of the 
electrons ηelectron generated by the photoelectric effect in the absorption region and 
the number of photons incident on the detector surface ηphotons. 
 
photons
electron


          (2.10) 
 
This value for a PIN diode is an integer number <1 and expresses the efficiency of 
the conversion process of the optical-electrical photodetector.  
The photodetector responsivity is strictly related to the quantum efficiency and 
represents the value of the generated photocurrent per unit of optical power 
incident on the detector it is commonly represented in A\W. 
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


0
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In Figure 2.8 is possible to see the wavelength effect of the photodetector 
responsivity for some of the most common materials. 
 
 
Figure 2.8 Photodetector responsivity 
 
 Page 34\131 
The time response and the bandwidth of a photodetector are mainly related by two 
factors: the transit time of the electrons through the device and the characteristic 
electrical time constant of the component [74][75]. 
The photodetection process imposes a lower limit to the maximum obtainable 
sensitivity and it is the cause of the noisy phenomenon intrinsically related to the 
quantization energy associated with the incident radiation (shot noise). The shot 
noise can be represented as a random fluctuation in time that goes to overlap the 
average current IPD detected by the opto-electronic device. The shot noise spectral 
distribution is uniform and it is proportional to the level of the current IPD. 
 
  BqIti PDshot 2
2          (2.12) 
 
Where B represents the overall bandwidth of the photodiode. 
Is it possible to see that the shot noise increases when the current IPD increase. 
Being OPTPD PI   it grows within the average value of the optical input power 
to the detector. 
On the other hand the optical detectors are characterized by an intrinsic noise 
source that can not be eliminated even in the absence of the optical input signal 
and it is called dark noise. Therefore when the inoput signal presents a level below 
its dark noise, it will be completely hidden and no detectable. This kind of noise 
could be represented as: 
 
  BqIti Ddark 2
2          (2.13) 
 
Where ID represent the dark current of the photodiode [79]. 
 
2.4. GAIN, NOISE FIGURE AND DYNAMIC RANGE OF AN EXTERNALLY 
MODULATED PHOTONIC LINK 
 
In this paragraph a brief discussion about the photonic link gain and effective 
noise figure is presented. 
The effective gain of a two port device is given by the ratio between the available 
power at the device‘s output and the input power (equation 2.14). 
 Page 35\131 
 







in
out
P
P
G 10log10         (2.14) 
 
Considering a microwave photonic link the expression is given by: 
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Where MOD  is the conversion efficiency,   is the photodiode responsivity, Aopt 
is the attenuation of the optical path and Rload and Rin_MZM represent the load 
impedance of the link and load impedance of the modulator. By referring to a 
perfect matching device with an external modulation we can assume Rload=Rin_MZM 
and the equation 2.15 becomes: 
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Therefore the photonic link effective gain is directly related to the laser input 
power and by increasing the optical power the gain increases up to a maximum 
value corresponding to the maximum accepted power by the guide and the 
photodiode. 
In Figure 2.9 a simulated effective gain of a photonic microwave link is shown. 
Simulation parameters are Tff=0.1, md=0.8, =0.9, Aopt=0.1. 
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Figure 2.9 Simulated photonic link gain vs input power. 
 
The photonic link effective noise figure represents the signal to noise degradation 
when a signal is processed by a generic device and is defined as: 
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Where Sin and Sout represent the values of the signal input and output power 
respectively while Nin and Nout represent respectively the values of the noise input 
and output power. By taking into account the photonic link the most important 
noise contributions are due to the laser RIN and shot noise of the photodetector. 
Considering a loss free system the noise figure of a microwave photonic link can 
be expressed as: 
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Where ID is given by: 
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For an external modulation the NF decreases when the optical input power 
increase because the optical gain becomes greater than the contribution of the shot 
noise [79][80][81][82]. 
Figure 2.10 shown the noise figure in function of the optical input power and it is 
possible to see that the noise figure decreases for high input power approaching 
the theoretical limit 3dB imposed by the equation 2.19. Figure 2.11, and Figure 
2.12 show the photonic link gain and noise figure in function of the modulation 
depth. 
 
Figure 2.10 Simulated photonic link noise figure vs input power 
 
 
Figure 2.11 Simulated photonic link gain vs modulation depth. 
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Figure 2.12 Simulated photonic link noise figure vs modulation depth 
 
The carrier to noise ratio (2.20) represents the main parameters for a photonic link. 
In the following Figure 2.13 and Figure 2.14 show the CNR as function of the 
optical input power and modulation depth. 
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Figure 2.13 Simulated photonic link CNR vs input power 
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Figure 2.14 Simulated photonic link CNR vs modulation depth 
 
  
  
Figure 2.15 Simulated photonic link parameters (RIN=-165dB/Hz, B=100GHz, Vπ=3V, 
R=0.9) 
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Figure 2.16 Simulated photonic link parameters (RIN=-145dB/Hz, B=2GHz, Vπ=3V, R=0.9) 
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Figure 2.17 Simulated photonic link SFDR (RIN=-165dB/Hz, B=2GHz, Vπ=3V, R=0.9) 
 
 
Figure 2.18 Simulated photonic link SFDR (RIN=-145dB/Hz, B=2GHz, Vπ=3V, R=0.9) 
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CHAPTER 3 
 
 
 
 
3. PHOTONIC MICROWAVE SIGNAL GENERATION 
 
Coherent radar systems are able to detect moving objects by analyzing the Doppler 
shift in the carrier frequency of the reflected echo pulses. The increasing need for 
radars with high sensitivity and small antennas are demanding carrier frequencies 
with low phase noise and high frequency. Moreover, radar systems are seeking 
increased resolution as well as the carrier frequencies to detect and recognize 
small objects. To this aim, rather than reducing the duration of the radar pulses, so-
called pulse compression techniques have been implemented which broaden the 
signal bandwidth by modulating the phase of the radar pulse carrier, thus avoiding 
the expensive transmission of dangerous high-power RF peaks [1][30]. The 
increasing resolution represent a most important requirement in security 
applications as human imaging radar for criminal or terrorist action prevention, 
detection of hidden objects, or in automotive applications [83]. 
Moreover the transmission of two or more radar signals at different carrier 
frequency is often implemented to increase the detection probability and to reduce 
the risk of false detections in adverse conditions, by reducing the target signature 
fluctuations and by averaging and smoothing the complex echo signals. This 
technique, called frequency agility (or diversity), also implies additional benefits. 
In fact, it allows the elimination of the Doppler blind speed and of the Doppler 
dilemma. In weather radars it can be used to build up a composite image of clouds 
and rainfalls. Frequency agility is also useful for jamming immunity, making more 
difficult to disturb the radar and, if the system rapidly switches between several 
frequencies, can render the jamming ineffective. Finally, radar systems with 
multiple carriers are becoming of interest in dual-band multifunctional radars, 
where surveillance and detection & tracking are implemented simultaneously 
using a single radar apparatus [84]. 
The requirement of phase stability at high carrier frequency is a challenge for the 
electronic RF signal generation since the frequency multiplication processes that 
are usually exploited, reduce the phase stability of the original RF oscillators. On 
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the other hand, frequency diversity radars are commonly realized by using two or 
more radar transmitters, implying a significant increase in cost and power 
consumption. 
In the last years the use of photonics has been suggested as an effective way for 
generating low phase-noise RF carriers even at high frequency. Among other 
techniques, the heterodyning of modes from a mode locking laser (MLL) has 
proven to generate low-phase noise RF carriers up to the EHF band (30-300GHz) 
[44][85]. On the other hand, few works have been proposed so far for optically 
generating software-defined phase-modulated RF signals [86][87]. 
In the paragraph 3.1 the concept of the multifrequency photonic generation of 
microwave signals is presented. In addition two innovative techniques for optically 
generating phase-modulated RF pulses with flexible carrier frequency, and with a 
phase stability suitable for coherent radar systems is presented in 3.2 and 3.3. Both 
the proposed schemes exploit a commercial device: a standard MZM in the first 
scheme, and an optical in-phase/quadrature (I/Q) modulator, also referred to as a 
dual-parallel Mach Zehnder modulator, in the second scheme. Both the 
implemented schemes are capable of generating arbitrary phase modulated RF 
pulses with high stability, even at very high carrier frequency, with potentials for 
wideband modulation. 
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3.1. PHOTONIC RADIO FREQUENCY SIGNAL GENERATION 
 
3.1.1. Principle of operation and experiment set up 
The architecture of the reconfigurable full digital radar transmitter is shown in 
Figure 3.1. The generation of the RF carrier frequency is realized by beating two 
laser modes coming from a fiber mode locked laser into a photodiode. The MLL is 
a fiber laser with excellent stability, thanks to the auto-regenerative feedback. It is 
able to produce very stable narrow optical pulses with repetition rate in the range 
from 1 to 40 GHz. The optical spectrum is composed of a number of modes, 
whose spacing is equal to the pulse repetition rate. All the laser modes are phase 
locked with each other, thanks to the mode locking condition and the regenerative 
feedback that keeps the modes well locked [88][44]. The selection of the two 
beating modes is realized by splitting the optical signal emitted by the MLL in two 
arms by an optical splitter with a 50% splitting ratio. Each replica of the signal is 
filtered by an optical filter in order to select only one mode from the spectrum. In 
order to achieve a stable RF signal after the photodiode, the two arms of the 
scheme should be mechanically stable. The RF up conversion system can be 
realized by means of an electro-optical modulator (EOM), such as a MZM biased 
along its quadrature point [89], into one of the two arms. 
 
 
Figure 3.1 Reconfigurable photonic microwave system 
 
The MZM is driven by a baseband signal generation block which addresses the 
digital synthesis of arbitrary waveforms (such as pulse trains, coded waveforms, 
frequency modulated waveforms such as chirp) with an adaptive bandwidth 
optimized according to the targets of interest and the environment. For example 
some of the key features of the baseband signal generation are the frequency, 
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phase and amplitude sweeping capability, the number of bits of the digital to 
analog convert, and so on. The two modes, the modulated and the unmodulated 
ones, are then combined together in a coupler and then sent in a photodiode which 
realizes the heterodyning, generating the final microwave signal. Finally, the RF 
amplification stage or a single high power amplifier (HPA) provides the necessary 
power for transmission [90]. 
Under this assumption, the concept of reconfigurable transmitter becomes feasible. 
As a matter of fact, it possible to tune the optical filters changing the operative 
wavelength by means of an electrical control. We are therefore able to select 
different laser modes with specified tuning frequency (i.e. a multiple of the laser 
repetition rate) according to the optical filter bandwidth. Therefore, exploiting a 
single photodetector, we can easily generate a modulated radar signal at different 
RF carriers up to W band and achieve frequency flexibility and reconfigurability. 
Obviously, in order to make the proposed architecture operatively flexible, we 
should make use of a wideband direct digital synthesizer able to realize different 
type of radar signals (such as unmodulated pulses, chirp, and Barker codes). 
Moreover, an amplification stage composed of RF filters and power amplifiers 
capable of dealing with wide bandwidth are necessary. 
Referring to Figure 3.1, a mathematical expression of the transmitted signal is 
detailed in the following equations. Under the assumption of 00  c , where c is 
the speed of light, 0  is the central wavelength, and f  2 . The MML laser 
signal o(t) can be represented by a superposition of 2N + 1 sinusoidal functions 
which represent the different modes propagating in the cavity: 
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According to the mode locked condition, each mode is locked with each other 
because they have the same phase relation. Therefore equation (3.1.1) can be 
rewritten changing the term φq in φ. 
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The two selected adjacent laser modes with a detuning equally to the laser 
repetition rates Δω are: 
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         tiOF Aethtoto 011      (3.1.3) 
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The MZM output signal y(t) represents the modulated radar signal obtained 
through the electro-ptical modulator and can be written as: 
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x(t) is the baseband radar signal, Vπ is a characteristic parameter of the Mach 
Zehnder modulator, and Vbias is the selected voltage useful to drive the modulator 
in a quadrature point. The signal v(t), before the photodetection process, can be 
written as: 
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The photodiode realizes the beating between the modulated and the unmodulated 
signal and the output is given by 
 
        22
2
totytvtr        (3.1.6) 
 
Some higher frequency terms, on the order of hundreds of THz, such as the ones at 
2ω0 and 2ω0+2ω0+2Δω have been filtered out by the photodetector with an analog 
bandwidth of the order of GHz. 
Therefore the photodetector output becomes: 
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As previously stated, the proposed scheme offers the capability of reconfigurable 
transmission. As a matter of fact, by tuning the filters, it is possible to select laser 
modes at different detuning frequencies at any multiple of the laser repetition rate 
(i.e. the mode at frequency 2πω0 and the mode at frequency 2πω0+2πNΔω, where 
N represents the mode spacing). Moreover, the use of a digital baseband signal 
generator allows matching the RF signal modulation to the target and the 
environment. 
 
3.1.2. Results on single carrier experiment 
The architecture set up of the single-carrier experiment (Figure 3.2) consists of a 
MLL provided by PhoTrix operating at 10 GHz and able to emit 4 ps very stable 
pulses centered at 1550 nm. An erbium-doped fiber amplifier is used before the 
filtering process to guarantee sufficient optical power at the photodiode and a band 
pass filter with a 3 dB bandwidth of 0.15 nm and steep edges has been used to 
select two adjacent laser lines. 
 
 
Figure 3.2 Single carrier experiment set up 
 
Figure 3.3 shows the filtered optical spectrum taken by an optical spectrum 
analyzer with a resolution bandwidth of 0.01 nm (corresponding to 1.25 GHz), 
compared with the original spectrum of the FMLL. The undesired modes are 
suppressed more than 20 dB. The two selected modes are then injected in an 
amplified photo-detector with a 3 dB bandwidth of 11 GHz. Since the photodiode 
realizes a quadratic function of its optical input, the two inserted laser modes beat 
together generating a RF signal at a frequency that is equal to their detuning 
frequency (i.e. 10 GHz). 
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Figure 3.3 Optical spectrum of the FMLL and the two selected adjacent modes. 
 
The microwave signal thus generated is analyzed by means of a signal source 
analyzer (Agilent E5052A). The obtained results are shown in Figure 3.4, where 
the phase noise of the beating signal is compared with other RF sources, namely 
aVCO at 10 GHz (Narda FFCM), a state of the art synthesizer (Agilent E8257D), 
and the Anritsu RF generator. The performances of the heterodyning of two 
distributed-feedback (DFB) lasers with a detuning frequency of 10 GHz (EXFO 
IQS-2400 modules) have been presented in [88]. 
The comparison is realized for a frequency offset in the range 100–40 MHz. These 
range limits are due to the intrinsic limitation of the measurement instruments. 
 
 
Figure 3.4 Comparison of phase noise levels for different RF sources at 10 GHz. 
 
It should be noted that the proposed architecture (black line) and the state of the art 
RF synthesizer provided by Agilent (light gray line), show comparable behaviors, 
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whereas the other RF generation methods present the worst performance, with 
phase noise levels tens of dB higher along most of the analyzed frequency range. 
The proposed RF generation technique works better than the synthesizer in a wide 
range of frequency, from about 5 kHz up to 1 MHz. For offset frequencies above 1 
MHz, even though the synthesizer shows less phase noise, both the RF sources 
perform well. On the other hand, for offset frequencies lower than 5 kHz, the state-
of-the-art synthesizer shows extremely low phase noise, whereas our proposed 
photonic RF generation becomes more instable, although its behavior is still better 
than other RF sources. 
Integrating the phase noise curve reported in Figure 3.4 it is possible to calculate 
the timing jitter of the RF signal. The numerical equation used to calculate the 
signal time jitter is shown below [91]: 
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The terms f0 and fk in equation (3.1.8) represent, respectively, the carrier frequency 
(equal to 10 GHz) and the frequency interval between two adjacent values of 
frequency offset (where the frequency offset axis has been divided into K-1 values 
used for the numerical integration). 
 
Figure 3.5 Time jitter values for filtered MLL and Agilent E8257D synthesizer at 10 GHz. 
 
Instead the terms υk and sk represent, respectively, the phase noise value at a 
frequency offset fk and the relative slope in the same point (the term Φ represent 
the phase noise level expressed in dBc/Hz) [92]: 
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 kk f         (3.1.9) 
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The integration interval should be chosen accordingly with the observation time 
related to the radar application (i.e. the phase coherence must be maintained for 
the whole observation time necessary to obtain a coherent detection of the target) 
and due to the limits of the measurement device. We performed the calculation for 
different frequency intervals starting for example from 100 Hz up to 40 MHz, 
from 1 kHz up to 40 MHz and so on. The results comparing the proposed RF 
generation method and the Agilent synthesizer are reported in Figure 3.5. 
When the phase noise is integrated starting from 1 kHz up to 40 MHz, the 
obtained jitter for the filtered MLL decreases with respect to the time jitter of the 
Agilent RF synthesizer (i.e. between 1 kHz and 40 MHz, the obtained jitter is 12.1 
fs for the filtered MLL and 15 fs for the Agilent synthesizer). On the other hand, 
when the integration time starts from 500 Hz the timing jitter from the photonic 
architecture is larger than the microwave state of the art source (27.3 fs for the 
filtered MLL and 15.1 fs for the Agilent synthesizer).  
The electrical spectra have been calculated, with a resolution bandwidth of 100 
Hz, for the proposed technique and the RF Agilent synthesizer. The results have 
been presented in a previous work showing the same value of signal to noise floor 
ratio (above 80 dB) for both the signals and presenting very narrow line widths 
[93]. 
 
3.1.3. Results on multi carrier experiment 
 
For the multicarrier RF generation experiment, we exploit integrated optics 
technology and pecially designed dua- wavelength fiber Bragg gratings (DFBG) 
which allow to select two different laser modes from a FMLL. Under this 
assumption we do not separate the physical paths of the two modes avoiding any 
additional reciprocal phase fluctuations due to mechanical vibrations of the 
structure. The DFBGs are designed in order to reflect two narrow bands with a 
detuning frequency, respectively, of 20 and 30 GHz and so on, up to 100 GHz 
[94]. 
Therefore, the two selected modes are then injected into an amplified photo-
detector with a given 3 dB bandwidth. Figure 3.6 shows the before mentioned 
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optical spectrum measured by an optical spectrum analyzer with a resolution 
bandwidth of 0.01 nm (corresponding to 1.25 GHz), compared with the original 
spectrum of the FMLL. The undesired modes are suppressed more than 20 dB. 
 
 
Figure 3.6 Optical spectrum of the FMLL and the selected modes at multiple frequencies. 
 
The relative phase noise measurements are shown in Figure 3.7, where the phase 
noise values are compared between the 10 and 40 GHz RF generation for both 
optical and electrical carrier. The 40 GHz phase noise level increases for lower 
frequencies and, as expected it is slightly higher for higher carrier frequencies and 
shifted up of few dBs.  
 
 
Figure 3.7 Phase noise levels at different carrier frequencies (10 and 40 GHz) for the FMLL 
and for Agilent synthesizer. 
 
In this case the frequency interval starts from 1 kHz in order to better distinguish 
each line. Each curve decreases rapidly with the offset frequency, reaching very 
low levels from around 5 kHz. In this experiment the two carriers are 
simultaneously generated. Accordingly, this set-up shows a non-perfect 
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equalization of the selected modes and the loss of responsivity of the photodiode. 
As a consequence, phase noise degradation at higher frequencies has been 
experimented. As shown in Figure 3.7 the optical microwave generation performs 
better than the classical electrical generation in particular starting from 5 kHz. 
The time jitter analysis has been carried out separately for each RF generated 
carrier when the others have been switched off. Under this assumption, the 
evaluated time jitter (see equation (3.1.8)) appears to be constant for the 
multicarrier generation, with frequency integration upper limit fixed to 40 MHz, 
where the thermal noise is dominant (Figure 3.8). 
It should be noted that considering an integration interval starting from 100 Hz up 
to 1 MHz (where the thermal noise is not dominant), the time jitter values for 10 
and 40 GHz generated carrier are still comparable [88]. Therefore, the proposed 
RF generation based on photonic techniques allows generating high stable signals 
up to the W band suitable for the new generation of radar applications. 
 
 
Figure 3.8 Time jitter evaluation for a filtered MLL at 10 and 40 GHz. 
 
3.1.4. Conclusions 
 
The architecture of a photonic microwave radar transmitter based on the beating in 
a photodiode of two laser modes coming from a MLL has been presented in this 
paper. The stability performances in terms of time jitter of the RF source have 
been evaluated at 10 and 40 GHz. The results, at 10 GHz, show excellent spectral 
purity above 5 kHz for the proposed technique compared to a state of the art 
Agilent synthesizer even though the time jitter increases for integration time 
greater than 10 ms. This architecture offers the capability for reconfigurable 
transmission, as a matter of fact by tuning the filters it is possible to select laser 
modes at different detuning frequencies, thus generating into the photodiode an RF 
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carrier at any multiple frequency of the laser repetition rate. Moreover, the 
evaluated performances are guaranteed up to ultra-high frequencies (an example at 
40 GHz have been presented) differently from conventional microwave sources 
whose performance strongly deteriorates with increasing frequencies. The 
proposed technique represents a cost-effective solution for microwave signal 
generation and has also been proposed for digitizing the received signal via an 
electrooptical sampling. 
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3.2. PHASE CODED SIGNAL GENERATION BASED ON STANDARD MZM 
 
3.2.1. Principle of operation 
To optically generate a phase-modulated RF signal at a specific carrier frequency 
fc, it is necessary to heterodyne two stable continuous-wave (CW) lasers with a 
frequency detuning Δfc, one of which must be phase modulated. The practical 
problem in this procedure is to process the two lasers independently without 
affecting their reciprocal phase stability. In fact, if both the lasers are modulated 
by a baseband signal in the same setup, the phase information would be lost after 
the heterodyning. Therefore if two lasers are modulated by a signal centered at 
intermediate frequency fIF, new sidebands are generated in the optical spectrum at 
±fIF from each laser. If the original laser carriers are not suppressed during the 
modulation process, after the photodetection several components are present, 
including those centered at frequency Δ±fIF that are the beating between the 
original unmodulated laser modes and the newly generated sidebands, which bring 
the desired modulation including the phase. Therefore an RF filter centered at 
Δ±fIF will permit to select the desired RF signal.  
 
 
Figure 3.9 .Experimental setup 
 
This scheme can be easily extended to generate flexible carrier radar signals if 
more than two CW lasers (e.g., the laser comb provided by a MLL) are modulated 
by the signal centered at fIF and heterodyned in a photodiode with sufficient 
bandwidth (see Figure 3.9). In this case, phase-modulated RF signals are generated 
at ±fIF from any beating frequency between the considered lasers. Then a set of RF 
filters can be used to select the signal at the desired carrier frequency. 
The operation of modulating the RF carriers with a signal at intermediate 
frequency must not affect the phase stability of the unmodulated carriers. An 
MLL MZM
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interesting solution is generating the modulating signal with a low-frequency high-
quality direct digital synthesizer (DDS), which also allows to flexibly change the 
modulating waveform and the intermediate frequency, thus realizing a software-
defined radar signal.  
To better explain the principle of operation, in particular when the laser comb 
from a MLL is exploited, we add here a more formal description of the involved 
signals. If we take into account a series of N+1 laser modes produced by a MLL, 
the time domain signal can be expressed as: 
 
    tnAts
N
n
nMLL  

2cos
0
      (3.2.1) 
 
where An is the modes amplitude,  represent the mode optical frequency, and Δ 
is the mode spacing given by the laser repetition rate. Let‘s consider a modulating 
signal centered at intermediate frequency, whose time domain expression is: 
 
      ttftrectts IFTIF   2cos       (3.2.2) 
 
where fIF is the intermediate frequency (IF), φ(t) is the phase modulation carried 
on the IF, and the function rectT(t) represents the pulsed signal with a limited time 
duration T and bandwidth B=1/T (the typical shape of a radar pulse). 
The amplitude of the optical signal sMLL(t) is modulated by the signal sIF(t) (with a 
modulation depth M): 
 
      tsMtsts IFMLLMOD  1       (3.2.3) 
 
that becomes 
 
           trectttfnCtnBts TIFn
N
n
nMOD 

 2cos2cos
0
 (3.2.4) 
 
with Bn and Cn amplitude terms. 
After the heterodyning in a photodiode, we obtain the beatings of all the different 
carriers, i.e. 
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            

tnEtrectttfnDts n
N
n
TIFnPD  2cos2cos
0
 (3.2.5) 
 
where the first term represents the phase-modulated signal upconverted to 
nΔυ±fIF, and the second term represents the beatings between the unmodulated 
carriers; Dn and En are the amplitudes of the components; […] denotes the 
omitted beatings between all the sidebands at υ+nΔυ±fIF, the component at DC, 
and the components at twice the optical frequency. A graphical representation of 
the optical components at the input of the photodiode and of the beatings of 
interest is reported in Figure 3.10. 
The frequency carrier desired for transmission can be finally selected by exploiting 
an RF filter with central frequency nΔυ-fIF  (or nΔυ+fIF), with 0<n<N: 
 
        trectttfnts TIFTX   2cos     (3.2.6) 
 
 
Figure 3.10 Optical spectrum before the photodiode. 
 
3.2.2. Experiment set up 
Figure 3.9 reports the exploited experimental setup. The laser source is a 
regenerative fiber MLL with a repetition rate of 10GHz, an optical bandwidth of 
250GHz, and an output power of about 13dBm. An optical band-pass filter 
(OBPF) with a bandwidth of 0.4nm selects a bunch of about five adjacent modes, 
which are launched into a Mach-Zehnder modulator (MZM) biased at its 
quadrature point. The optical modes are modulated by the electrical signal 
generated by a 16-bit 400Msample/s DDS. The modulating signal is a phase-coded 
RF pulse centered around fIF=100MHz or fIF=184MHz, which will be used to 
generate RF signals respectively at 9.9GHz and 39.816GHz, as explained in the 
fI
fI
 fI  fI
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following. The RF pulse has a duration of 5s and a repetition time of 15s. In the 
experiment, two different phase codes will be used, the linear chirp and the Barker 
code, which will be described in the following. Figure 3.11 reports a time domain 
representation (at an arbitrary low frequency, for the sake of clarity) of the RF 
pulse in the two considered case.  
 
 
Figure 3.11 Time domain representation (at an arbitrary low frequency) of the applied 
phase-coded RF pulses 
 
The modulation produces sidebands around each laser modes, and when the 
optical signal thus generated is detected by a 50GHz-bandwidth photodiode, all 
the beatings between modes and sidebands are produced. Two RF filters with a 
bandwidth of 40MHz and centered at 9.9GHz and at 39.816GHz are then used to 
alternately select the phase-modulated signal when fIF is respectively equal to 
100MHz and 184MHz (in order to match the center frequency of the filters), and a 
broadband electrical amplifier with a gain of 27dB allows to perform the analyses. 
 
3.2.3. Results 
First, the phase noise of the signal at 9.9GHz is analyzed to study the effect of the 
modulation at fIF on the phase stability of the carrier. The frequency-shifted signal, 
generated with the DDS programmed to emit only a sinusoid at 100MHz, is 
measured by means of a signal source analyzer (SSA), and compared with the 
signal generated by the beating of the original laser modes at 10GHz, and with the 
phase noise of the shifting signal at 100MHz. The phase noise curves are reported 
in Figure 3.12(left). As shown by the graphs, the signal generated by the low-
frequency high-quality DDS presents a lower phase noise than that of the carrier at 
10GHz. Therefore the frequency shift induced on the optical modes does not affect 
the stability of the desired carrier at 9.9GHz, which shows the same behavior as 
the non-shifted one. Only a higher noise floor is present for frequency offset above 
100kHz, which is due to the higher thermal noise in the measure and can be 
reduced with a more accurate amplification. 
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Figure 3.12 Phase noise of the generated carriers 
 
By changing the RF-filter and resetting the DDS output to 184MHz, a 39.816GHz 
carrier is produced. Figure 3.12(right) shows that the phase stability of the carrier 
at 39.816GHz is also not affected by the shifting process, and the comparison with 
the synthesizer curve confirms that the proposed scheme is suitable for generating 
high-frequency signals for coherent radar systems, performing better than an 
electronic-based approach. In this case the integration of the curves gives an rms 
time jitter of 16.1fs for the optically generated carrier and 16.3fs for the 
conventionally generated one. 
In order to demonstrate the effectiveness of the proposed scheme, it has been 
characterized by generating radar pulses implementing the most used pulse-
compression techniques. The DDS is first set to generate a 25MHz linear chirp 
around 100MHz, i.e. a linear frequency sweep from 87.5MHz to 112.5MHz, and 
the RF filter centered at 9.9GHz is used. The choice of such a frequency deviation 
is due to the limited bandwidth of the available RF filters and of the DDS, but in 
principle the only bandwidth limitation is given by the precise DDS (hundreds of 
MHz) and by the MLL repetition rate, which must be high enough to prevent 
overlaps between different carrier frequencies. The modulated signal obtained 
with the proposed setup is analyzed by the SSA in terms of frequency and 
amplitude transients, as reported in Figure 3.13(left). The graph shows that the 
signal generated by the DDS is perfectly upconverted to 9.9GHz, producing a 
linearly chirped pulse across 25MHz. This proves that the proposed schemes is 
capable of effectively upconvert amplitude- and phase-modulated signals. 
Moreover, the pulsed amplitude shows an extinction ratio of about 40dB, even if a 
minor ripple is present on the right side of the pulses, caused by the narrow 
bandwidth of the RF filter 
-150
-130
-110
-90
-70
-50
-30
1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07
Offset Frequency [Hz]
P
h
a
s
e
 N
o
is
e
 [
d
B
c
/H
z
]
-150
-130
-110
-90
-70
-50
-30
1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07
Offset Frequency [Hz]
P
h
a
s
e
 N
o
is
e
 [
d
B
c
/H
z
]
10GHz MLL
100MHZ DDS
40GHz MLL
39816MHz Optically generated
9900MHz Optically generated
9900MHz from 10GHz Synt
39816MHz from 40GHz Synt
184MHZ DDS
-150
-130
-110
-90
-70
-50
-30
1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07
Offset Frequency [Hz]
P
h
a
s
e
 N
o
is
e
 [
d
B
c
/H
z
]
-150
-130
-110
-90
-70
-50
-30
1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07
Offset Frequency [Hz]
P
h
a
s
e
 N
o
is
e
 [
d
B
c
/H
z
]
10GHz MLL
100MHZ DDS
40GHz MLL
39816MHz Optically generated
9900MHz Optically generated
9900MHz from 10GHz Synt
39816MHz from 40GHz Synt
184MHZ DDS
 Page 59\131 
  
Figure 3.13 Frequency and amplitude transients of the signals measured with the SSA 
 
  
Figure 3.14 Measured electrical spectrum (RBW 100kHz) of the chirped pulses 
 
Finally, Figure 3.14(left) reports the electrical spectrum, acquired with a 40GHz-
bandwidth electrical spectrum analyzer (ESA), of the generated signal, compared 
with the simulated spectrum of an equivalent ideal chirped signal, showing an 
almost perfect match. The spectral broadening of the compressed pulse with 
respect to the unchirped RF pulse of the same time duration is reported in Figure 
3.14(left). Since the spatial resolution ΔR of a radar system is proportional to the 
inverse of the signal bandwidth B (ΔR=c/2B), if we use a chirped signal with a 
frequency deviation ΔF the range resolution becomes ΔR=c/(2ΔF). In our case, 
where the signal bandwidth of the uncompressed pulse is 200kHz (a 5µs pulsed 
signal) and the chirp frequency deviation is 25MHz, we obtain an increased radar 
resolution from 750m to 6m. 
By setting the DDS to generate a chirped signal centered at 184MHz and replacing 
the RF filter, a modulated pulsed signal at 39.816GHz is produced. The analyses 
reported above are applied for this case as well. In Figure 3.13(right), a lower 
extinction ratio is reported on the amplitude transients with respect to the case at 
9.9GHz, which is due to a higher noise floor of the SSA when measuring high-
frequency signals. The electrical spectrum reported in Figure 3.14(right) appears 
to be tilted with respect to the ideal case, with the spectral components at lower 
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frequencies slightly weaker than the higher frequencies. This is caused by the 
analog bandwidth of the DDS which is limited to 200MHz: since the chirped 
signal runs from 196.5MHz to 171.5MHz, its high-frequency components are 
slightly attenuated and transferred to the carrier at 39.816GHz. The effectiveness 
of the employed pulse-compression technique is also proven by the autocorrelation 
function (AF), calculated from a single shot trace acquired with a 40Gsample/s 
real-time oscilloscope, and reported in Figure 3.15. From the graph the obtained 
compression is clearly evident, especially compared with the AF envelope of an 
unchirped pulse (dotted line). Due to the limited bandwidth of the oscilloscope the 
AF is related to the 9.9GHz case only but, as demonstrated by the SSA and ESA 
traces, there are no reasons to suppose that the 39.816GHz case would be 
different. 
 
 
Figure 3.15 Autocorrelation function (AF) of the chirped pulses extracted from the real-time 
oscilloscope trace 
 
Another frequently exploited pulse-compression technique is the binary phase 
coding using the Barker codes. These are particular sequences of N values aj in the 
set (-1, +1) for j=1, 2,…, N, such that 
 
 1
1



 mj
mN
j
j aa         (3.2.7) 
 
for 1≤m<N. They are applied to radar pulses by dividing the pulse in N subpulses 
of equal duration, and modulating the carrier phase in each subpulse by 0° or 180° 
according to the adopted Barker code. Thanks to the coding, these kind of radar 
pulses show an autocorrelation peak N times narrower, and autocorrelation 
sidelobes N times smaller, than the AF of the uncompressed pulse. This means 
that, by analysing the cross-correlation between the detected radar echo and the 
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transmitted pulse, an N-times increased resolution can be obtained with respect to 
the unmodulated radar pulse, with a sensitivity improvement of log10N dB, without 
reducing the pulse duration and thus avoiding an increase in the transmitted peak 
power. The code length N can range from 2 to 13 bits and determines the range 
resolution improvement according to the equation ΔR=c/2BN. In our experiment 
we have used the longest code, i.e. +1, +1, +1, +1, +1, −1, −1, +1, +1, −1, +1, −1, 
+1, since it provides the best compression factor of 1/13 with respect to the 
uncompressed pulses. The DDS is set to generate a coded pulse at 100MHz, and 
the 9.9GHz RF filter is used. The phase-modulated signal obtained is analyzed by 
the SSA in terms of phase and amplitude transients, as reported in Figure 
3.16(left).  
 
  
Figure 3.16 Phase and amplitude transients of the signals measured with the SSA 
 
  
Figure 3.17 Measured electrical spectrum (RBW 100kHz) of the phase-coded pulses. 
 
The graph shows that the signal generated by the DDS is again perfectly 
upconverted to 9.9GHz, producing 180° phase jumps in the pulses Figure 
3.17(left) reports the electrical spectrum of the generated signal, compared with 
the simulated spectrum of an equivalent ideal coded signal, showing again an 
almost perfect match. The spectral broadening of the compressed pulse with 
respect to the uncoded RF pulse of the same time duration, reported in Figure 
3.17(left), reveals an increased radar resolution up to 57.7m. By setting the DDS to 
generate a phase-coded signal at 184MHz and replacing the RF filter, a phase-
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coded pulsed signal at 39.816GHz is produced. The analyses reported above are 
applied for this case as well, and are shown inFigure 3.16(right) and Figure 
3.17(right). 
In Figure 3.18 the autocorrelation function of the generated Barker coded pulse at 
9.9GHz is shown. As expected from the radar theory, the normalized amplitude 
presents sidelobe peaks at 0.07 (1/N) and corresponds well to the simulated AF of 
the sequence shown in the inset. So the suitability of the proposed scheme for 
producing phase-coded radar signals is confirmed. With the particular code 
exploited, the range resolution is improved by a factor of 13 from 750m (relative 
to the unmodulated pulses) to 57.7m. 
 
 
Figure 3.18 Autocorrelation function of the Barker-coded pulses extracted from the real-time 
oscilloscope trace 
 
3.2.4. Conclusions 
The proposed method for the generation of frequency-agile phase modulated RF 
signals can be of help in a large number of applications. Besides coherent radars, it 
can be used wherever phase modulated RF signals are needed, as for example in 
radio-over-fiber systems for the generation of complex modulation formats (e.g., 
64QAM), or in the removal of the range ambiguity in radars and lidars [96]. 
Different applications and scenarios may require different carrier frequencies and 
modulation bandwidths, so it is necessary to choose the MLL‘s repetition rate 
carefully. A MLL with high repetition rate can allow wide-band modulation, since 
carrier‘s overlap is avoided, but it would reduce the number of available 
frequencies since the bandwidth of the commercial photodiodes is limited to about 
100GHz. On the other hand, a low repetition rate MLL can allow a dense set of 
available frequencies, but reduces also the possible modulation bandwidth. As 
demonstrated by our measurements, the phase stability of the generated RF pulses 
depends on the timing jitter of the original MLL. Therefore, the better the MLL, 
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the better the RF signal. As it is evident, if an ultra-low-noise MLL is used as laser 
source [97], then the noise-limiting element becomes the exploited DDS. Although 
the proposed system requires readily available components, photonic hybrid 
integration my be helpful to further reduce the complexity of the setup [97]. This 
way all the optical path could be replaced by a single monolithic structure with 
reduced footprint, allowing its implementation even in mobile systems.  
In conclusion, we have proposed an innovative scheme that exploits photonics for 
generating arbitrary phase-modulated RF pulses with flexible carrier frequency, 
and phase stability suitable for coherent radar systems. The use of a low-frequency 
high-quality DDS permits the maximum flexibility in the generation of software-
defined modulating signals which are transferred to the modes of a MLL, without 
affecting their reciprocal phase stability. The digital signals are generated at an 
intermediate frequency, so that after detecting the optical signal, phase-modulated 
RF pulses can be obtained close to any multiple frequency of the MLL repetition 
rate, even at frequency in the EHF band. The reported experimental results 
confirm the generation of linearly chirped and phase-coded RF pulses with carrier 
frequencies of about 10GHz and 40GHz with very high phase stability, and 
demonstrate a spectral broadening suitable for pulse compression techniques. The 
flexibility of the scheme allows to implement any kind of modulation (e.g., Frank 
codes) at any carrier frequency. By properly choosing the MLL repetition rate, 
frequency agility can be implemented on close or far frequencies (as in frequency 
hopping or in multifunctional radars, respectively), or even both, with the 
advantage of a single MLL instead of a series of electronic oscillators for each 
carrier frequency. The carriers can be generated simultaneously or alternately, or 
even changed continuously. The modulating signal can also be changed 
meanwhile, implementing a waveform diversity technique. 
Therefore the proposed technique allows the practical realization of compressed 
pulses for coherent radars over a wide carrier frequency range, allowing the 
development of software-defined systems with improved functionalities. 
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3.3. PHASE CODED SIGNAL GENERATION BASED ON I\Q MZM 
 
3.3.1. Principle of operation 
Given two stable CW lasers, as for examples two modes of a MLL, a phase coded 
RF signal is obtained if one of the CW lasers is phase modulated before they are 
heterodyned in a photodiode (PD). To do so, the two CW lasers should be 
separated along different paths by splitting and filtering, in an environmentally 
stable ad-hoc structure. A similar result can be achieved in a more flexible scheme 
which does not require wavelength-specific integrated components. 
The scheme of principle of the proposed phase-modulated RF generation method 
is sketched in Figure 3.19. Let‘s consider two modes of a MLL at frequencies 1 
and 2=1+, with equal amplitude. The field can be expressed as 
 
    titiAtE aa 21 expexp)(          (3.3.1) 
 
where 1=21, 2=22 and A indicates the field amplitude. 
 
 
Figure 3.19 Ideal scheme of principle 
 
The signal is split along two different paths. In the first path both the CW lasers 
are phase modulated. This can be done in a common LiNbO3 phase modulator. In 
the second path, they are both suppressed to generate new slightly shifted 
components by a carrier-suppressed amplitude modulation driven by a low-phase-
noise sinusoidal signal, generating two ±1-order sidebands. This operation can be 
realized in a common LiNbO3 Mach-Zehnder modulator driven in its minimum 
transmission point. The fields in the two paths are respectively 
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      )(expexpexp)( 21 tititiAtE bb         (3.3.2) 
 
       titititiAtE mmmmcc )(exp)(exp)(exp)(exp)( 2211    (3.3.3) 
 
where m=2is the frequency-shifting signal. The signals Eb(t) and Ec(t) then 
are coupled together. The resulting signal shows six spectral components. Let‘s 
suppose we want to obtain a phase-modulated RF signal at the nominal frequency 
of +. In the obtained signal Ed(t), two pairs of components are at a nominal 
frequency difference of + (the components at 1 and at 2+, and the 
components at 1-and at 2), and one of the components in each pair is phase-
modulated by (t) (respectively, 1 and 2). In more details, the frequency 
difference of the components in the two pairs is +d(t)/dt and 
+d(t)/dt, respectively. If these components pairs were both heterodyned in 
a PD, they would both generate an RF signal at a frequency carrier of +, but 
one RF signal would be phase-modulated by (t) while the other would be 
modulated by -(t), giving: 
 
         )(exp)(expexp)( tititiAts RFs       (3.3.4) 
 
where RF=+=2-1+m, and […] indicates omitted terms which will be 
rejected by a successive RF filter. The expression (4) shows that the RF signal at 
+ filtered out after the PD would present a modulated envelope whose shape 
would be given by cos[(t)]. Therefore, before heterodyning the entire spectrum in 
the PD, one of the components in the two pairs at RF must be suppressed. This 
can be done by filtering out either one of the phase-modulated modes from the 
MLL, or one of the -shifted new components. 
Considering to optically filtering out the phase modulated laser mode at 1 using a 
notch filter, the RF signal at the output of the photodiode can therefore be 
expressed as 
 
     )(exp)( ttiAts RFs         (3.3.5) 
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The expression (3.3.5) represents a phase modulated RF signal at the desired 
frequency RF. The same analysis can be done considering the beating at -as 
the nominal carrier frequency. 
The operations described above can be easily implemented exploiting a 
commercial optical I/Q modulator, using the bias voltage which controls the 
reciprocal phase shift between the two branches (usually named as Bias P), to 
modulate the phase of the two CW lasers. This device is an integrated structure in 
LiNbO3, which ensures the necessary stability against environmental fluctuations. 
The carrier-suppressed frequency shift on one arm of the I/Q modulator can be 
driven by a very stable low-frequency RF oscillator, without affecting the original 
reciprocal phase stability of the modes from the MLL. Moreover, the optical I/Q 
modulator also has an additional MZ modulator, which can be used for modulating 
the amplitude of the original laser components from the MLL, thus allowing the 
realization of phase-modulated RF radar pulses. 
The proposed scheme therefore allows the photonics-based realization of phase-
modulated RF pulses exploiting a single commercial device, with a significant 
simplification with respect to the previously presented photonics architectures. 
 
3.3.2. Experiment set up 
The experimental setup is reported in Figure 3.20.  
 
 
Figure 3.20 Experimental setup.  
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The exploited laser source is a regenerative fiber MLL with a repetition rate of 
9953MHz and a central wavelength of 1554.5nm. A zoom of its optical spectrum 
is reported in the inset (A) of Figure 3.20. A dual fiber Bragg grating (DFBG) [98] 
selects two non-adjacent modes at a detuning of 20GHz, with a suppression of 
25dB of the undesired adjacent modes (inset (B)). The two selected modes are 
then launched into an optical I/Q modulator. This is a Covega LN86 device, with 
an electro-optical bandwidth of 14GHz for both the MZs along the two branches. 
Along one of the arms of the I/Q modulator a carrier suppressed modulation is 
obtained by setting the relative MZ modulator to the minimum transmission point 
[99][100]. The modulation is driven by a precise waveform synthesizer producing 
a sinusoidal signal at δν=5086MHz with an amplitude of 0.6V thus splitting the 
two modes into four new spectral components at +/-δν from the original modes. 
The second arm of the I/Q modulator is also exploited, introducing an on/off 
amplitude modulation (AM) on the two selected modes in order to form the radar 
pulses. A waveform generator modulates both the laser modes with a rectangular 
pulse with a duration of 1μs over a period of 3μs, and a modulation depth close to 
1. Finally, the reciprocal phase difference of the two modulator branches is 
modulated by means of a 1GSample/s DDS, opportunely amplified and applied to 
the Bias P port of the I/Q modulator. The optical spectrum of the output signal 
from the I/Q modulator is reported in the inset (C), where the four modes at +/-
5086MHz from the original two laser modes are evident. In order to suppress one 
of the two original carriers from the MLL, a FBG with a bandwidth of 6GHz is 
used as a notch filter (inset (D)), and the resulting signal is sent to a 50GHz-
bandwidth photodiode. The inset (E) shows the electrical spectrum after the 
photodiode, where several beatings take place. An RF filter centered exactly at 
25000MHz with a bandwidth of 25MHz selects the beating of interest at 
24992MHz between the non-suppressed amplitude-modulated original laser mode, 
and the laser line obtained by shifting the other original mode of δν (inset (F)). The 
choice of a carrier frequency not perfectly aligned with the RF filter is determined 
by the need of keeping the RF signal below 25GHz, in order to perform the 
measurements with a 50Gsamples/s real-time oscilloscope. 
 
3.3.3. Results 
Since the coherent radar systems require high phase stability, the generated signal 
has been first characterized in terms of phase noise. Figure 3.21 shows the 
measured phase noise of the generated 24992MHz carrier, compared with the 
phase noise of the beating generated by the two modes from the original MLL, and 
with the frequency shifting signal at 5086MHz generated by the synthesizer. 
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Figure 3.21 Phase noise measure of the 24.992GHz carrier compared with the phase noise of 
the non-shifted carrier from the MLL, and of the synthesizer. 
 
For this analysis a continuous wave RF carrier has been generated, turning off 
both the phase and amplitude modulations. The phase noise is measured with a 
Signal Source Analyzer (SSA, Agilent E5052A) for offset frequency from 100Hz 
– given by the common duration of a coherent radar measurement – to 10MHz – 
upper limit due to the RF filter. The graph shows that the phase noise of the 
synthesizer is lower than the one of the MLL, except for the range of offset 
frequency from 10kHz to 100kHz where they are substantially equal. This would 
suggest the possibility to generate a frequency shifted RF signal with the same 
noise behavior of the original MLL. Actually, Figure 3.21 reports that the phase 
noise curve of the generated RF signal at 25GHz follows the behavior of the 
20GHz signal at low offset frequency, but shows slightly higher phase noise from 
2kHz on, and a noise floor 10dB higher for high offset frequency. We believe that 
this behavior is due to the added phase noise introduced by the broadband 
electrical amplifier exploited to boost the output signal from the photodiode, and 
could be improved using a low-noise narrow-bandwidth specific amplifier. 
Nevertheless the integration of the curves in Figure 3.21 over the entire offset 
frequency range shows that the obtained RF signal has a timing jitter of 286fs 
(equivalent to 45mrad at 24992MHz), which is only 21fs higher than that of the 
original MLL. The exploited MLL is a free running fiber ring laser which shows 
very low phase noise at high offset frequency, but is affected by mechanical 
vibrations that induce high phase noise at low offset frequency. It is important to 
note that it is possible to strongly reduce this noise if the MLL is used as an optical 
voltage controlled oscillator in a phase-lock loop, where a stable low-noise 
reference clock is used to lock the phase of the MLL at low frequency offset. This 
way an extremely precise optical source can be obtained [92]. It is also interesting 
to note here that the MLL allows to generate RF signals over a wide frequency 
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range by selecting modes at different detuning, without changes in the phase noise 
performance [101].  
Once the quality of the signal is confirmed, radar pulses with no phase modulation 
are generated in order to be compared with the compressed ones. In Figure 3.22 
the autocorrelation function (AF) of the pulses is reported, calculated from a 
single-shot acquisition of a 50Gsamples/s real-time oscilloscope. The receiver in a 
radar system operates the cross-correlation between the transmitted pulse and its 
echo, therefore the signal AF brings important information on the radar resolution, 
as will be evident in the following. In the case of non-coded pulses, the resolution 
is easily equal to cTp/2, where c is the speed of light and Tp is the radar pulse 
duration, which leads to a resolution of 150m for the considered non-coded pulses 
of 1μs. 
 
 
Figure 3.22 Calculated autocorrelation function (AF) of the optically generated RF pulse. 
 
In Figure 3.22, the AF of the optically generated RF pulse is compared with the 
AF of an ideal base-band pulse of equal duration. As shown in the picture, the 
base-band AF fits well the envelope of the AF measured at RF, except for its 
minor side lobes. These are caused by the non-ideal suppression of the unwanted 
original mode after the optical notch filter, and by the narrow filtering of the RF 
signal. The effects of these non-idealities are also evident in the inset of Figure 
3.22 showing the RF pulse waveform. As the I/Q modulator is not designed to be 
used as a phase modulator, its characterization is necessary. In Figure 3.23 the 
result of the characterization is plotted, realized applying a sinusoidal modulation 
at the Bias-P port and measuring the output amplitude modulation on a CW laser 
while changing the sine frequency. The Bias-P port shows a constant frequency 
response up to 7MHz and a sharp cut-off at 20MHz. 
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Figure 3.23 Bandwidth characterization of the Bias-P port of the I/Q modulator 
 
Due to this limitation, the modulation bandwidth available with the considered 
device is limited to few MHz. Nevertheless, since 40GHz-bandwidth phase 
modulators are commonly implemented with state-of-the-art LiNbO3 technology, 
we believe that the design of a custom I/Q modulator with wideband phase 
modulation capability would not present technological issues. 
The system is then tested applying two different phase modulations commonly 
used in radar applications: Barker codes and linear frequency chirp. 
Starting from a barker code as discussed in section 3.2.2 they are applied to radar 
pulses by dividing the pulse in N subpulses of equal duration, and modulating the 
carrier phase in each subpulse by 0° or 180° according to the adopted Barker code. 
Thanks to the coding, this kind of radar pulses show an autocorrelation peak N 
times narrower, and autocorrelation sidelobes N times smaller. This means that, by 
analysing the cross-correlation between the detected radar echo and the 
transmitted pulse, a N-times increased resolution can be obtained with respect to 
the unmodulated radar pulse, with a sensitivity improvement of log10N dB, without 
reducing the pulse duration. Figure 3.24(A) reports the signal applied to the Bias-P 
port (upper trace) for modulating the phase, and the amplitude modulating signal 
applied to one of the two RF ports (lower trace). The phase-controlling signal 
corresponds to a 4-bit Barker code (0-0-180-0) and its amplitude is set to match 
the V voltage of the device, i.e. 4.75V. Figure 3.24(B) shows the oscilloscope 
trace of the radar pulses thus generated. Amplitude discontinuities are present at 
the phase jumps, and a limited pulse extinction ratio can be observed. Figure 
3.24(C) reports the amplitude and phase transients of the radar pulse, as acquired 
by the SSA. As expected the phase modulation produces 180°-phase jumps in the 
pulses, while an amplitude extinction ratio of about 20dB is measured. The 
amplitude transient also shows discontinuities at the phase jumps. The limited 
extinction ratio and the amplitude fluctuations can be ascribed to the non-ideal 
suppression of the unwanted original mode after the notch filter, and to the narrow 
RF filtering. Those effects can therefore be reduced with a better design of both 
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the optical and RF filters. Moreover, the extinction ratio of the radar pulse is 
generally improved by the high-power amplification stage before the radar 
antenna, which can ensure an extinction ratio as high as 120dB 
 
 
Figure 3.24 Optically generated RF pulses with 4-bit Barker code. 
 
In Figure 3.25 the autocorrelation function of the generated Barker coded pulse is 
shown. As expected from the radar theory, the normalized amplitude presents 
sidelobe peaks at 0.25 (1/N) and fits well the simulated envelope of the sequence. 
So the suitability of the proposed scheme for producing phase-coded radar signals 
is confirmed. Also, the duration of the AF is 0.25 (1/N) the one of the non-coded 
pulse. This means that the coding allows the same resolution of a non-coded pulse 
with four times shorter duration. With the particular code exploited the range 
resolution is improved to 37.5m. 
 
 
Figure 3.25 Autocorrelation function of the Barker-coded pulses extracted from the real-time 
oscilloscope trace. 
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During the experiment, unmodulated radar pulses with a Pulse Width (PW) equal 
to 4μs and bandwidth B, which guarantees a range resolution of 600m, and a Pulse 
Repetition Interval (PRI) of 20μs have been also generated. Then, phase codes 
have been added to the radar pulses. One of the used code is a 13-bit Barker 
sequence (+++++--++-+-+) which allows to enhance the radar range resolution up 
to 46m. A phase rotation of 180° has been achieved by modulating the Bias P port 
with a voltage matched to the modulator quadrature voltage Vπ. In Figure 3.26 the 
obtained phase transitions measured with the Agilent E5052A Signal Source 
Analyzer (SSA) are shown (the control signal for the phase modulation is reported 
in the inset).  
 
Figure 3.26 Phase transients of 13-Barker code. 
 
The obtained Autocorrelation Function (AF) of the acquired RF phase modulated 
pulse is shown in Figure 3.27. The trace is compared with the AF of 4μs pulse 
without modulation (red line), and with the simulated envelope of a 13-bit Barker 
code (black line). The autocorrelation function exhibits constant side lobe peaks 
Nbit times smaller with respect to the main peak, and a range resolution Nbit times 
improved (ΔR=c\2BNbit). 
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Figure 3.27 Autocorrelation function of the RF 13 bits Barker code. 
 
By using the described scheme we have also generated polyphase codes (Frank 
codes) where pulses are divided into M group each one further divided into M sub-
pulses with a total length code of M
2
. Phase transitions of the Frank code are 
reported in Figure 3.28 as measured by the SSA (the control signal for the phase 
modulation is shown in the inset).  
 
Figure 3.28 Phase transients of a polyphase Frank code with 16 sub-pulses 
 
The obtained Autocorrelation Function (AF) of the acquired RF phase modulated 
pulse is shown in Figure 3.29. The trace is compared with the AF of 4μs pulse 
without modulation (red line), and with the simulated AF of the Frank code (inset). 
Frank Codes provide very good resistance to Doppler shift, in contrast to Bi-phase 
coded pulses where the main lobe amplitudes reduces while increasing the 
Doppler shifts. The compression factor is set to M
2
 (ΔR=c\2BM2). Moreover the 
utilization of Pseudo Random Binary Sequence (PRBS) is also possible, together 
with a large range of other different codes. Therefore the effectiveness of the 
proposed photonic based solution for phase coded signal generation has been 
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presented and demonstrated, and results on compression effect have been 
analyzed. 
 
 
Figure 3.29 Autocorrelation function of the RF Frank code. 
 
The frequency chirping is a phase-coding technique that induces a linear change in 
the radar carrier frequency along the pulse duration. In order to generate a linear 
frequency shift, a quadratic phase modulation must be applied to the carrier. The 
frequency deviation range is defined by following formula: 
 
pp TV
V
T
f

 


         (3.3.6) 
 
where Tp is the pulse duration. In order to obtain a linear frequency chirp, in our 
experiment the DDS is set to generate a parabola. The parabolic phase modulation 
is reported in Figure 3.30(A) together with the pulsed amplitude modulation. The 
parabolic signal is designed to reach the maximum voltage variation (18V) within 
the radar pulse duration. Since the V of the employed Bias P port is 4.75V, a 
linear chirp of 3.8MHz is expected. From the graph, elongations are also evident at 
the phase jumps, introduced by the electrical amplifier. Figure 3.30 B) shows the 
waveform of the generated RF pulse, which appears to be amplitude-modulated by 
a chirped frequency. This undesired amplitude modulation is due to the non-ideal 
suppression of the unwanted optical carrier, that translates into an oscillating 
modulation. As stated by eq. (3.3.4), it is proportional to the cosine of a parabola. 
Figure 3.30(C) reports the traces of the frequency and amplitude transients, as 
acquired with the SSA. The measured frequency drift corresponds to the expected 
3.8MHz and shows a linear trend. The elongations reported in Figure 3.30(A) are 
transferred on the frequency of the radar pulse 
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Figure 3.30 Optically generated RF pulses with linear frequency chirp. 
 
The minor deviations from the linear behavior are probably caused by the narrow 
and non-regular bandwidth of the modulator Bias P (see Figure 3.23).  
 
 
Figure 3.31 Autocorrelation function of the chirped pulses extracted from the real-time 
oscilloscope trace. 
 
Figure 3.31 shows the autocorrelation function of the acquired chirped pulses, 
compared with the AF of a simulated ideal chirped pulse. The function calculated 
on the real data shows a good match with the simulated one, confirming once 
again the effectiveness of the proposed technique. In this case it is possible to 
estimate a resolution improvement up to 39m. 
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3.3.4. Conclusions 
The experiments above demonstrate that the proposed architecture is capable of 
generating phase-modulated radar pulses at flexible carrier frequency exploiting a 
simple photonics-based setup. Besides the Barker codes and the linear frequency 
chirp, other pulse compression techniques would also be possible, as for example 
polyphase codes (Frank codes, complementary codes, or pseudo-random binary 
sequences applied to CW carriers), or nonlinear frequency modulations (e.g., 
raised cosine). Although the experimental realization has been limited to a small 
modulation bandwidth, larger bandwidths and phase changes can be readily 
achieved by designing specific I/Q modulators exploiting the current photonics 
technologies, thus realizing bandwidth broadening up to some GHz, further 
increasing the effectiveness of the proposed scheme. Moreover, the scheme can 
flexibly generate high-stability phase-modulated RF signals at very high carrier 
frequency, up to hundreds of GHz, with potentials also for THz and sub-THz 
signals generation, where the possibility of modulating the signal has not been 
extensively investigated yet. In conclusion, we have proposed a novel and 
practical scheme for the photonics-based generation of phase-modulated RF 
signals, targeted to the application in coherent radars with pulse compression 
techniques. The scheme is based on the exploitation of a commercial device, an 
optical I/Q modulator, in a non-conventional fashion, and its performance has been 
confirmed by experimental results. The high phase stability over a broad 
frequency range, and the wideband modulation capability of the proposed scheme, 
together with its compactness and reliability, could allow the realization of a new 
generation of high frequency fully digital phase coded radars, with wide 
application opportunities even in the related field of wireless communications. 
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CHAPTER 4 
 
 
 
 
4. PHOTONIC ANALOG-TO-DIGITAL CONVERTER FOR 
WIDEBAND SIGNALS 
 
The evolution of software defined radar (SDR) receivers strongly depends on the 
progress of high speed analog-to-digital converters (ADCs). For SDR systems the 
hardware components are embedded in a digital processor and the digitization 
process represents a critical issue. The key challenges for a high-speed ADC are 
the large input bandwidth (BW) and high sampling rates, the capability to receive 
small signals and reject larger interferers (measured as spurious-free dynamic 
range, SFDR), the sensitivity in term of signal-to-noise ratio (SNR), and the 
quality of the digitized signal in term of effective number of bits (ENOB). Today‘s 
best electronic ADCs show only few GHz of analog BW, with a sampling clock 
aperture jitter of hundreds of femtoseconds [58] which limits the development of 
ADCs with larger bandwidth and high ENOB.  
In the following two paragraphes the photonic analog-to-digital converter based on 
time division demultiplexing and based on photonic assisted downconversion 
(both in downsampling working conditions) will be presented and discussed. 
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4.1. FOUR CHANNELS TIME INTERLEAVED ANALOG-TO-DIGITAL 
CONVERTER 
 
The optical sampling can overcome the limitations faced by electronic ADCs 
[102], as demonstrated by several photonics-assisted ADCs proposed in the last 
decade, based on the electrical detection of modulated optical pulses with 
subsequent samples parallelization [65][66]. Most of these works resort to the 
concept of undersampling to acquire RF signals with BW up to few GHz but 
carrier frequency up to several tens of GHz. This approach well fits the radar 
applications, which are requiring bandpass signals with carriers in the SHF and 
EHF band (from 3GHz to 300GHz) to reduce the antenna dimension. The use of 
narrow-pulse mode-locked lasers (MLLs) with very low temporal jitter guarantees 
a precise sampling time and a digitized signal with low jitter-limited noise floor. 
The high electro-optical BW of the optical modulators can broaden the analog 
input BW of photonic-assisted ADCs, accepting RF signal with carriers up to tens 
of GHz. The sample parallelization by time- or wavelength-interleaving schemes 
enlarges the instantaneous BW (e.g., the maximum signal BW) of the photonic 
ADCs by exploiting a set of parallel low-speed high-precision electronic 
converters. The digitized signals can then be reconstructed by interleaving the 
parallel data arrays. But the interleaving operation can also produce spurious peaks 
due to the inequalities of gain and offset of the data arrays in the parallel channels, 
and to the non idealities of the parallelizing method as time skew and crosstalk 
[65]. While wavelength-interleaving is most sensible to the time skew, time-
interleaving suffers the inter-channels crosstalk due to the limited extinction ratio 
(ER) of the optical switching matrix. Digital post-processing techniques are 
usually applied to minimize the effect of such spurious components and to 
maximize the precision of the photonic ADC [66].  
 
4.1.1. Principle of operation  
In the following section the basic principle of the photonic ADC based on the 
sample time-interleaving is presented, together with its main sources of non-
linearity. The concept is based on the consideration that high-sampling-rate low-
jitter optical pulses can largely overcome the performance of electronic ADCs. In 
fact, MLL with high pulse repetition rate (up to several GHz) and very low timing 
jitter (few fs) are easily available, and optical modulators with huge electro-optical 
bandwidth (up to a hundred GHz) allow the optical sampling of RF signals with 
large BW and carrier frequency in the millimeter waveband. Moreover, after the 
optical sampling process, a subsequent pulse switching is capable to split the 
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pulsed samples into several parallel flows at lower sample rate, allowing to exploit 
precise narrow-BW electronic ADCs. Then the digital samples are time-
interleaved to re-establish the original data flow at the MLL sampling frequency.  
The non idealities of the optical modulator represent the major source of system 
non-linearity. The most linear optical modulator is the Mach-Zehnder modulator 
(MZM), which nevertheless presents a squared cosine transfer function. With this 
kind of modulators, according to the modulation depth (the amplitude of the 
modulating signal with respect to the -shift voltage of the MZM), the optical 
samples contain information on the input RF signal and on its higher order 
harmonics [66]. The finite ER of the optical switching matrix produces other 
spurious tones at frequencies given by: 
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where FS is the aggregate sampling rate, M is the number of parallel channels, and 
f’RFn are the RF signal harmonics as detected by the undersampling process, f’RFn = 
nfRF mod FS/2, with fRF the signal frequency. As can be seen, this kind of distortion 
is a multiplicative noise, therefore the frequency of the spurious tones depends on 
both the sampling frequency and the RF signal harmonics [65][66]. Other spurious 
tones appear when the digital data arrays are recombined together. In fact, 
different insertion losses or photodiodes responsivity in the parallel channels cause 
a fixed-pattern additive noise. Since the pattern noise is independent of the RF 
signal, it causes spurious peaks at: 
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In addition, the different gain and offset of the M ADCs also generate spurious 
tones at the same frequencies given by the equations (4.1) and (4.2) [103]. 
These sources of error reduce the sensitivity and dynamic range of the entire 
system. 
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4.1.2. Experiment set up 
 
 
Figure 4.1 Photonic analog-to-digital converter 
 
In Figure 4.1 the scheme of the photonic ADC is reported. A 400MHz repetition 
rate MLL generates 400fs-long optical pulses with a time jitter of about 10fs 
(measured for offset frequencies in the range 10kHz - 10MHz). The pulses sample 
the RF signal from a precise synthesizer (Agilent E8257D) in a standard 40GHz-
bandwidth Mach-Zehnder modulator. To maximize the pulse modulation, the RF 
signal amplitude approaches the MZM V of 5V. An Erbium-doped fiber amplifier 
(EDFA) with 27dBm output power, followed by a 9nm-bandwidth optical band-
pass filter (OBPF), boosts the signal before the time domain parallelization. This is 
done exploiting an integrated 1x4 LiNbO3 switching matrix, which consists of 
three dual-output MZMs (D-MZMs) in cascaded configuration. Each D-MZM is 
provided with an electrode precisely controlling the 2x2 coupler at the end of the 
Mach-Zehnder interferometer, thus maximizing the switching ER and reducing the 
crosstalk between the four outputs. An ER >25dB is guaranteed on all the output 
ports. The switching matrix is driven by two signals at 100 and 200MHz, directly 
derived from the laser clock and amplified to match the D-MZMs V. The 
parallelized optical pulses are then broadened with four spools of dispersion 
compensating fiber (DCF) with a chromatic dispersion of 300ps/nm, and 
photodetected with 2GHz-bandwidth photodiodes. The pulse broadening reduces 
the peak power and allows the photodiodes to work in their linear regime. No 
electrical amplifiers are used before the ADCs. Finally, the modulated pulses are 
quantized by means of four 100MSample/s 14-bit ADCs (National Instruments 
PXIe5122) synchronized with the pulse peaks. 
 
4.1.3. Results 
The performance of the photonic ADC is tested by applying single-tone signals at 
different frequencies. The synthesizer is set to generate carriers at 9.92GHz, 
25.02GHz and 39.82GHz. Figure 4.2(left), Figure 4.4(left) and Figure 4.6(left) 
shows the fast Fourier transform (FFT) of both the acquired signals (with 4x10000 
points) without post-processing algorithms. The tone at 9.92GHz appears aliased 
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at 80MHz, while the tones at 25.02GHz and 39.82GHz are aliased at 180MHz. 
The noise floor appears at clearly different levels in the graphs, and this is due to 
the increasing influence of the sampling jitter in the digitization of signals at 
increasing frequency. Other broadband noise sources as the thermal noise do not 
depend on signal frequency, so the effect of MLL sampling jitter is clearly 
predominant in the noise floor. In both the spectra, the high spurious peaks limit 
the dynamic range of the acquired signals. As discussed in section II, the peaks at 
100MHz and 200MHz are due to the inequalities in the four parallel channels. The 
remaining spurious tones are related to the higher harmonics of the modulator, and 
to the inter-channel crosstalk due to the limited ER of the demultiplexer [65]. 
 
  
Figure 4.2 FFT of the interleaved sampled signals (9.92GHz) before (left) and after (right) 
post-processing. 
 
 
  
Figure 4.3 Time domain representation of the four interleav channels (9.92GHz) before (left) 
and after (right) post-processing. 
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Figure 4.4 FFT of the interleaved sampled signals (25.02GHz) before (left) and after (right) 
post-processing. 
 
 
 
  
Figure 4.5 Time domain representation of the four interleav channels (25.02GHz) before 
(left) and after (right) post-processing. 
 
 
 
  
Figure 4.6 FFT of the interleaved sampled signals (39.82GHz) before (left) and after (right) 
post-processing. 
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Figure 4.7 Time domain representation of the four interleav channels (39.82GHz) before 
(left) and after (right) post-processing. 
 
In order to minimize the effects of the spurious peaks, a real-time post-processing 
algorithm is implemented. The algorithm compensates for the MZM higher 
harmonics through a digital linearization of the modulator transfer function [66]. 
On the other hand, channels inequalities due to different offsets and gains are 
equalized in the time domain comparing the modulation amplitudes and the mean 
values of each channel. In Figure 4.2(right), Figure 4.4(right) and Figure 4.6(right) 
the results of the post-processing algorithm are presented. The algorithms don't 
change the noise floors, while the spurious peaks drastically decrease, showing 
enhanced performance in term of SFDR. In Figure 4.3, Figure 4.5 and Figure 4.7 
are also reported the time domain representation of the raw interleaved data (left) 
and the equalized sginals (right) for the 9.92GHz, 25.02GHz, and 39.82GHz, 
respectively. 
In Figure 4.8 a particular of the extended so-called ―Walden plot‖ [104] is shown, 
where it is possible to compare the performance in term of analog bandwidth and 
precision of the best electrical ADCs, and of the system proposed here. The 
theoretical upper bounds for sampling systems with an aperture jitter of 10fs is 
also reported. Since each measure in our experiment lasts 100s (40k points at 
400MS/s), the jitter of the sampling MLL that affects the measures must be 
calculated for offset frequency from 10kHz on, and is equal to about 10fs (9.87fs). 
Our system reaches an ENOB of 7.4, 7.1, and 7.0 for 9.92GHz, 25.02GHz, and 
39.82GHz, respectively, with an instantaneous bandwidth of 200MHz. As can be 
seen from Figure 4.8, the proposed photonic ADC performs significantly better 
than the reported electrical ADCs. 
It is possible to see that at 40GHz the system performance is close to the 
theoretical upper bound given by the aperture jitter of 10fs, while it moves away 
from that limit for lower signal frequency. The upper bound given by the time 
jitter is relative to a wideband ADC, while our system operates in undersampling 
mode. Nevertheless, considering only the noise due to the aperture jitter (i.e., 
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neglecting the spurious tones as well as other noise sources), the two approaches 
become comparable.  
 
 
Figure 4.8 Particular of the “Walden plot” 
 
As can be seen from the FFT in Figure 4.2 and Figure 4.6, while the SFDR 
remains almost constant with frequency, the noise floor at 39.82GHz is higher 
than that at 9.92GHz. This means that at lower frequency the system ENOB is 
limited by the spurious peaks, while at higher frequency it is mostly limited by the 
time jitter of the MLL, since the spurious tones become comparable with the noise 
floor. A strong improvement in the system performance could be reached 
increasing the instantaneous bandwidth of the ADC by increasing the aggregate 
sampling rate [105]. 
Therefore a MLL at higher sampling rate can be used with a greater number of 
parallel channels. Increasing the number of parallel channels induces further 
spurious tones in the FFT of the digitized signal, but the time duration of the 
acquisition process remains unchanged. So the laser phase noise must be 
integrated in the same offset frequency interval, leading to the same time jitter and 
noise floor. In order to demonstrate this, results considering one, two or four 
channels are presented in Figure 4.9 left and right. The ENOB is calculated both 
considering (SINAD) and neglecting (SNR) the spurious tones. 
Using only one channel, corresponding to the Nyquist BW of 50MHz, the spurious 
tones due to the interleaving are not present, and the ENOB is maximized. On the 
other hand, when two channels are used (corresponding to the Nyquist BW of 
100MHz), the appearing of the interleaving spurious peaks degrades the ENOB. 
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Figure 4.9 ENOB calculated considering 1-2-4 interleaved channels. 10GHz (left), 40GHz 
(right). 
 
Nevertheless considering four interleaved channels (with Nyquist BW of 
200MHz) the appearing of multiple spurious tones does not further degrade the 
system ENOB, although reaching broadband instantaneous BW, as explained 
above [104]. Further system improvements could be achieved by increasing the 
extinction ratio of the switching matrix, for example by means of an additional 
MZM on each of its output. Moreover, resorting to a differential detection would 
further improve the behavior of the photonic ADC in terms of both SNR and 
SFDR. 
 
4.1.4. Conclusions 
A photonic-assisted ADC with four time-interleaved channels has been 
presented, which can fully exploit the low jitter of the optical sampling technique 
avoiding the time skew issues. The proposed photonic ADC has been tested with 
RF signals over a large frequency range, demonstrating a state-of-the-art precision 
>7bit for input signals up to 40GHz and bandwidth up to 200MHz. The results 
show that the scheme is fundamentally limited by the sampling jitter and it 
approaches the theoretical limits for the considered signal frequencies. Further 
improving the ER of the switching matrix, and making use of a differential 
detection, would increase the system precision pushing it even closer to the 
theoretical limits imposed by the MLL timing jitter. The sampling scheme can be 
easily scaled to larger signal BW with the current technologies with minimal 
resolution degradation, and can therefore candidate as a promising flexible 
acquisition system for software defined radio applications.  
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CHAPTER 5 
 
 
 
 
5. PHOTONIC WIDEBAND UP\DOWN CONVERTER 
 
The generation of ultra-stable RF signals from UHF to MMB is made possible by 
resorting to photonic technologies [106]. The heterodyning of modes of a MLL 
generates a frequency comb of phase-locked RF oscillations that can be employed 
as carrier signals over different frequency bands. The timing jitter of a MLL can 
reach values as low as few fs and, since the phase noise of the N-th mode in the 
electrical spectrum of a MLL scales as N
2
, all the generated carriers are affected by 
the same low timing jitter [107]. 
 
5.1.1.  Principle of operation and experimental set up 
 
Figure 5.1 shows the scheme of principle of the transceiver. It is composed of a 
MLL, cascaded with a MZM and a photodiode. The structure is replicated twice to 
obtain both a transmitter and a receiver in the same module, sharing the same 
MLL. 
 
MLL
MZM
MZM
Data Generator
Data Receiver
Photonic
up/down converter
RF front-end
RF front-end
 
Figure 5.1 Scheme of principle of the transceiver 
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If a modulation signal at frequency fs is applied to the output of a MLL, an optical 
DSB-modulated signal is obtained: the signal spectrum is replicated as an upper- 
and lower-side band (USB and LSB, respectively) around every line in the MLL 
spectrum. When this comb of optical channels is fed into the photodiode, the 
heterodyning of all the components produces an electrical spectrum in which the 
signal is replicated every  fs+Nƒrep, as an USB, and every fs-Nƒrep, as a LSB, 
whereas ƒrep is the MLL repetition frequency, and N is a non-negative integer. 
This way, a signal generated at a low intermediate frequency (IF) can be up-
converted to a carrier frequency at IF+Nƒrep to be transmitted, even in multiple 
frequency bands, and a signal received at that frequency can be down-converted 
back to its IF. An electronic front-end between the photonic up/down-converter 
and the antenna provides the necessary filtering and amplification operations. 
In the experimental activity an active, harmonic, 10GHz-repetition rate MLL is 
employed, together with a 40GHz MZM and a 40GHz linear photoreceiver with a 
trans-impedence amplifier (TIA). The average output power of the MLL is 5dBm. 
An Agilent PSG-E8267D vector signal generator (VSG) is employed to obtain the 
RF UWB signals around the IF and a 40GHz bandwidth MZM driver amplifies 
them, as shown inFigure 5.2. 
 
Vbias Signal Analyzer
Signal Generator
MLL MZM TIA
 
Figure 5.2 Experimental Setup 
 
The MZM RF input power is around 5dBm. Each sub-channel consists in 52 
OFDM sub-carriers, carrying 54Mbps over a 64-QAM pattern and occupying 
22MHz of bandwidth, according to the 802.11g standard. Then, 22 of these sub-
channels are combined to obtain a single UWB channel with a bandwidth of 
484MHz and a data rate around 1.2Gbps. In the experiment, 8 adjacent UWB 
channels are generated, and their IFs are chosen between DC and 5GHz, viz. the 
half of the MLL repetition frequency ƒrep. Thus, the symmetry of the DSB-
modulated optical spectrum is ensured, and interferences due to folded replicas of 
the beating channels are avoided. 
The produced electrical spectrum is depicted in Figure 5.3. The UWB RF signal 
spectra, generated by the VSG around IF, are replicated as USB and LSB, around 
every harmonic of the MLL, and are symmetrically spaced by IF from the 
respective MLL line. The first two harmonics of the MLL are depicted at 10GHz 
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and 20GHz, and the groups of 8 adjacent 484MHz-wide channels are clearly 
visible as well. 
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Figure 5.3 Electrical spectrum of the transmitted signal 
 
 
5.1.2. Results 
The performance of the presented system has been evaluated by measuring the 
EVM of the central 22MHz sub-channel of every up-converted and down-
converted 484MHz channel, receiving the signals with a 26.5GHz bandwidth 
Vector Signal Analyzer (VSA) Agilent MXA-N9060A. Figure 5.4 depicts the 
EVM of three channels at IF 0.9GHz, 3.32GHz, and 4.29GHz, i.e. channels 1, 6, 
and 8 respectively. The channels at IF are directly generated by the VSG. These 
channels are then up-converted with the presented system as 10GHz USB replicas 
(10.9GHz, 13.32GHz, and 14.32GHz respectively) and as 30GHz LSB replicas (in 
this case, due to the VSA bandwidth limitations, only channels 6 and 8 are 
reported, at 25.7GHz and 26.49GHz respectively). In order to compare the 
photonic up-converter with the electronic RF generation, Figure 5.4 reports also 
the EVM of the same signals directly generated at higher frequencies 
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Figure 5.4 EVM of channels 1, 6, and 8 up-converted to two different frequencies 
 
As shown by the EVM curves, the performance difference between the two 
methods is negligible, except for the different floor level for higher power values. 
This is probably to be ascribed to the saturation of the TIA at the VSA input and to 
the time/amplitude jitter of the laser. Actually, this difference does not represent 
an issue, because the 802.11g standard defines the error-free working region for 
power values corresponding to EVM < -25dB. The couples of curves at different 
frequency also present a power offset, i.e. increasing the frequency, the power 
needed to obtain a certain EVM also increases. This is only due to the different 
sensitivity of the VSA, which is clearly visible form the noise floor in Figure 5.3. 
The performances of the photonic down-conversion are also evaluated, measuring 
the EVM. Figure 5.5 reports the EVM values for channels 1, 6, and 8 optically 
down-converted (Down-C) to IF from their 10GHz USB and 30GHz LSB 
frequencies, compared with the channels generated at IF. Here again, except for 
the higher floor of the optically down-converted channels, the Down-C EVM 
curves show excellent performance. 
Since the system is designed to occupy the whole available bandwidth, second and 
third order distortions (MZM non-linearity, higher order beatings) may cause 
cross-talk or self-interference on the up- or down-converted signals. To better 
evaluate the system behaviour in this eventuality, a channel centered on 3.333GHz 
has been up-converted to 13.333GHz. This represents the worst case, because such 
a channel overlaps with the third harmonic of the 20GHz LSB, as well as with all 
the beatings given by the N-th laser mode USB and (N+2)-th mode LSB in the 
optical spectrum.  
Figure 5.6 reports the EVM curve of the Up-C channel, compared with a detuned 
channel which does not suffer from distortion. Though the distorted channel 
presents a higher floor, the power penalty for lower EVM values is again 
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negligible. Moreover, the inset in Figure 5.6 shows the high difference between 
the channel power level and the noise and distortions level. 
 
 
 
Figure 5.5 EVM of channels 1, 6, and 8 generated at IF (BtB), and of the same channels 
down-converted back to IF (Down-C) 
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Figure 5.6 EVM for the channel with worst case self-interference 
 
The power penalty is explicitly represented in Figure 5.7.  
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Figure 5.7 Power penalty in up- and down-conversion for every channel up- or down-
converted to or from different frequencies 
 
In compliance with the 802.11g standard, the penalty is measured as the difference 
between the minimum power needed to obtain EVM = -25dB for a given channel 
directly generated at its carrier frequency, and the minimum power to obtain the 
same EVM for the corresponding optically up-converted (or down-converted) 
channel. The penalty is reported for each channel from 1 to 8, measured on the 
USBs of the 10GHz MLL line (from 10.9GHz to 14.29GHz). To evaluate the 
performance of the system at the highest possible frequency, we also measured 
penalties for some channels from the 30GHz-line sidebands. Here again, due to the 
VSA bandwidth limitations, only the three lowest frequency LSB channels could 
be analyzed (from 25.7GHz to 26.5GHz). The measured power penalty values are 
negligible both in up- and down-conversion, never exceeding 0.5dB.Finally, 
Figure 5.8 reports the penalty on the EVM for a received channel power of -
25dBm, in the case of all the eight 10GHz-USB channels and three 30GHz-LSB 
channels. This power value has been chosen because, for that power, all the 
measured EVM curves have already entered their floor region. In any of the 
analyzed cases, the EVM penalty varies in a maximum range of 2dB, and turns to 
be smaller for Up-C channels, at any considered frequency. This can be explained 
considering that, in the Down-C, the signal to be down-converted is first 
electronically up-converted inside the VSG and this slightly lowers the RF signal 
quality with respect to the reference signal generated at low frequency. 
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Figure 5.8 EVM penalty measured for a received power of -25dBm, in up- and down-
conversion for every channel up- or down-converted to or from different frequencies 
 
5.1.3. Conclusions 
In this section the high performance and negligible power penalty of an UWB 
photonic-assisted system for simultaneous multi-band up- or down-conversion of 
wireless signals has been presented and demostrated. The scheme is easily based 
on the modulation of the laser modes of a MLL in a MZM, followed by the 
heterodyning of the optical signal in a photodiode. The large optical spectrum of 
the MLL and the wide electro-optical bandwidth of the MZM and of the 
photodiode allow using the scheme as an up- or down-converter of RF signals up 
to the MMB. The presented system has been tested up to 26.5GHz, with a 
maximum power penalty lower than 0.5dB with respect to the signal generated 
directly at high frequencies (for Up-C) or low frequency (for Down-C), keeping 
high the quality of the signals both in transmission and reception. Since the very 
same device can act both as an up- and down-converter, two of them can form a 
two-branched complete transceiver, sharing a single MLL. The photonic system 
can easily work at frequencies higher than the tested 26.5GHz, employing a larger 
bandwidth photoreceiver (100GHz photodiodes are commercially available) and 
E/O modulator, and is particularly suitable for the implementation of a multi-band, 
multi-protocol transceiver for future mobile networks. Since it is based only on a 
MLL, a MZM, and a photoreceiver, the presented architecture is very compact, 
suitable for the integration, and apt to be employed in base stations as well as in 
mobile devices. 
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CHAPTER 6 
 
 
 
 
6. RADAR PROTOTYPE 
 
The main objective of this prototype is to implement a fully digital radar 
transceiver with further experimental validation and testing.  
 
6.1.1. System requirements 
 
The study has been focused on a pulsed radar system at X band (about 10GHz) for 
the detection of civil aerial target in a range up to tens of kilometres. The reference 
scenario allows us to simplify the radar signal processing neglecting the ground 
clutter contribution. A monostatic approach has been chosen in order to simplify 
the realization of both the prototype and signal processing chain. Reffering to 
[108] the main characteristics are listed in the following table: 
 
Parameters Value 
Radar Cross Section 100 m
2
 
Carrier Frequency X-Band (about 10 GHz) 
Pulse Width 1 µs 
Range Resolution 150 m 
Pulse Repetition Interval 1 ms 
Maximum Observable Range 10 km 
Minimum Observable Range 1.5 km 
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Antenna Gain 30 dB 
Integrated Pulses 40-100 
Transmitted Peak Power  20 – 40 Watt 
False Alarm Probability 10e-6 
Detection Probability 0.8 
Table 6.1 Prototype system requirements 
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6.1.2. Photonic transceiver 
 
In Figure 6.1 Photonic radar front end electrical scheme of the transceiver will be 
presented. Then some parameters are detailed in Table 6.2 while photographs of 
the assembly are shown in Figure 6.2 and Figure 6.3. 
 
Figure 6.1 Photonic radar front end electrical scheme 
 
 
Figure 6.2 Photonic radar transmitter 
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Figure 6.3 Photonic radar receiver 
 
MZM Vpi [V] 5 
MZM bandwidth [GHz] 20 
Laser Jitter [fsec] 10 
Laser RIN [%] 0.008 
Laser Pulse width [fsec] 300 
Laser Frequency [MHz] 400 
Max MZM Bias Voltage [V] 2.5 
PD max power [dBm] 16 
PD bandwidth [GHz] 2 
Table 6.2 Photonic radar receiver 
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6.1.3. Transceiver front-end 
 
Figure 6.4 Radar Front end electrical scheme presents the electrica schme of the 
amplification RF stages for the transmitter and the receiver. 
 
 
Figure 6.4 Radar Front end electrical scheme 
 
The total transmission amplification has been divided in two different section: the 
driver pre amplifier and the high power amplifier for a total amplification gain of 
about 80 dB in order to achieve a +50 dBm transmitted signal with an external 
source of -30 dBm achieved via electro optical devices. The received chain is 
composed by a sequence of Pin Diode Switch attenuator, Low Noise Amplifier 
and Gain Controllable amplifier. Furthermore a Sensitive Time Control could be 
added in the chain to eliminate the signal variation due to the received signal 
dynamic. As said before a switchable filter bank has been introduced to increase 
the receiver sensibility. The estimation of the maximum and minimum received 
power at the antenna (point B in Figure 6.4) has been calculated under these 
operative conditions: For the maximum received power 
 
  2min15,30 ,  30 ,  400  , 100  , 7.1T AntennaP Watt G dB Range m m Loss dB      
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 max 83, 80RXP dB    
 
For the minimum received power 
 
  2max15,30 ,  30 ,  10  , 100  , 7.1T AntennaP Watt G dB Range km m Loss dB      
 
 max 139, 136RXP dB    
 
In the following consideration we refer to a received power in the range: 
 
 109, 50RXP dBm    
 
The LNA (point C in Figure 6.4) input power has been calculated considering the 
characteristics of the amplifier (fixed gain 26 dB and OP1dB 10 dBm) and a 
cautelative 7 dB of losses as well as in the transmitter stage (cable between mini 
TWT and circulator). Assuming this value the linearity of the 1st stage amplifier is 
guaranteed. The power outupt of the LNA is in the range between 
 90, 31RXP dBm   . 
Following the scheme the power input at the 1
st
 Driver Controllable Amplifier 
RX1 we consider a 0.3 dB loss due to the isolator, therefore the power input in the 
point D of the Figure 6.4 is: 
 
 90.3, 31.3RXP dBm    
 
For the selected driver amplifier we have these characteristics: 
 
Gain max 40 dB OP1 12 dBm 
Gain min 20 dB OP1 -8 dBm 
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For both the considered values (full gain and minimum gain) we don't have any 
problem in term of linearity considering the OP1dB of the amplifier.  
The power input of the Sensitive Time Control could be calculated considering the 
full gain and the minimum gain cases of the before mentioned driver controllable 
amplifier RX1. Therefore in the point E of the Figure 6.4 considering a 0.3 dB of 
isolator loss we have a received power: 
 
minimum gain case (20 dB) 
 
 70.6, 11.6RXP dBm    
 
maximum gain case (40 dB) 
 
 50.6, 9.6RXP dBm    
 
The attenuator STC block will be driven with an analogical voltage and has 
maximum input power of +10 dBm.  
In the following for the estimation of the power range in the received chain (in 
particular with respect of the driver controllable amplifier RX2 RX3 and filter 
bank, point F and G and H in Figure 6.4) we consider two operative steps: 
 
 Sensitive Time Control ON 
 Sensitive Time Control OFF 
 
Case Sensitive Time Control ON 
 
For the estimation of the power in the point F of the chain we assume: 
 
1. Driver Controllable Amplifier RX1 with minimum gain: 20 dB 
 
70.6 0.3 70.9RXP dBm      
 
2. Driver Controllable Amplifier RX1 with full gain: 40 dB 
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50.6 0.3 50.9RXP dBm      
 
For the selected driver amplifier we have these characteristics: 
 
Gain max 25 dB OP1 25 dBm 
Gain min 13 dB OP1 14 dBm 
 
So with the STC ON the estimated power input in to the driver controllable 
amplifier RX2 should not introduce problems of linearity for both the operative 
conditions. 
For the power estimation at the point G we consider four different cases: 
 
1. Driver Controllable Amplifier RX1 with minimum gain: 20 dB and Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB. 
 
70.9 13 0.3 58.2RXP dBm       
 
2. Driver Controllable Amplifier RX1 with minimum gain: 40 dB and Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB 
 
50.9 13 0.3 38.2RXP dBm       
 
3. Driver Controllable Amplifier RX1 with minimum gain: 20 dB and Driver 
Controllable Amplifier RX2 with minimum gain: 25 dB 
 
70.9 25 0.3 46.2RXP dBm       
 
4. Driver Controllable Amplifier RX1 with minimum gain: 40 dB and Driver 
Controllable Amplifier RX2 with minimum gain: 25 dB 
 
50.9 25 0.3 26.2RXP dBm       
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For the selected driver amplifier we have these characteristics: 
 
Gain max 25 dB OP1 25 dBm 
Gain min 13 dB OP1 14 dBm 
 
So with the STC ON the estimated power input in to the driver controllable 
amplifier RX3 (point G) should not introduce problems of linearity for both the 
operative conditions. 
For the estimation of the filter bank power input (point H in Figure 6.4 which 
correspond to the output of the driver controllable amplifier RX3) we should 
consider eight different cases: 
 
1. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB and Driver 
Controllable Amplifier RX3 with minimum gain: 13 dB 
 
70.9 13 0.3 13 45.2RXP dBm        
 
2. Driver Controllable Amplifier RX1 with full gain: 40 dB, Driver Controllable 
Amplifier RX2 with minimum gain: 13 dB and Driver Controllable Amplifier 
RX3 with minimum gain: 13 dB 
 
50.9 13 0.3 13 25.2RXP dBm        
 
3. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with full gain: 25 dB and Driver Controllable 
Amplifier RX3 with minimum gain: 13 dB 
 
70.9 25 0.3 13 33.2RXP dBm        
 
4. Driver Controllable Amplifier RX1 with full gain: 40 dB, Driver Controllable 
Amplifier RX2 with full gain: 25 dB, Driver Controllable Amplifier RX3 
with minimum gain: 13 dB 
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50.9 25 0.3 13 13.2RXP dBm        
 
5. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB  and Driver 
Controllable Amplifier RX3 with full gain: 25 dB 
 
70.9 13 0.3 25 33.2RXP dBm        
 
6. Driver Controllable Amplifier RX1 with full gain: 40 dB, Driver Controllable 
Amplifier RX2 with minimum gain: 13 dB  and Driver Controllable 
Amplifier RX3 with full gain: 25 dB 
 
50.9 13 0.3 25 13.2RXP dBm        
 
7. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with full gain: 25 dB, Driver Controllable 
Amplifier RX3 with full gain: 25 dB 
 
70.9 25 0.3 20 21.2RXP dBm        
 
8. Driver Controllable Amplifier RX1 with full gain: 40 dB , Driver 
Controllable Amplifier RX2 with full gain: 25 dB, and Driver Controllable 
Amplifier RX3 with full gain: 25 dB 
 
50.9 25 0.3 25 1.2RXP dBm        
 
The amplifier power values and the relative check on the amplifiers OP1dB are 
summarized in the following table: 
 
 
Driver 
Amplifier 
1 Gain 
OP1 
Driver 
Amplifier 
2 check 
Driver 
Amplifier 
2 Gain 
OP1 
Driver 
Amplifier 
3 check 
Driver 
Amplifier 
3 Gain 
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[dB] [dB] [dB] 
STC 
ON 
20 OK 13 OK 13 
40 OK 13 OK 13 
20 OK 25 OK 13 
40 OK 25 OK 13 
20 OK 13 OK 25 
40 OK 13 OK 25 
20 OK 25 OK 25 
40 OK 25 OK 25 
Table 6.3 Amplification strategy and warning - STC ON 
 
The maximum and minimum values are respectively -45.2 dBm and -1.2 dBm. 
Considering the filter bank we have a power range between: 
 
 -45.2 dBm and -1.2 dBm (without filters) 
 -56.2 dBm and -12.2 dBm (with PBF1 and IL of about 11 dB). 
 
In this case in order to achieve an RF_OUT power of 10 dBm we assume an 
exteranl amplification stage with the following characteristics: 
 
Gain max 25 dB OP1 25 dBm 
Gain min 13 dB OP1 14 dBm 
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Figure 6.5 Example of Estimated power with Sensitive Time Control 
 
  
Figure 6.6 Example of Estimated power with Sensitive Time Control 
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Figure 6.7 Example of Estimated power with Sensitive Time Control 
 
 
Case Sensitive Time Control OFF 
 
With the STC switched off we have: 
 
1. Driver Controllable Amplifier RX1with minimum gain: 20 dB 
 
   70.6, 11.6 0.3 70.9, 11.9RXP dBm        
 
2. Driver Controllable Amplifier RX1 with full gain: 40 dB 
 
   50.6, 9.6 0.3 50.3, 9.3RXP dBm        
 
Referring to the "Driver Controllable Amplifier RX2 
 
Gain max 25 dB OP1 25 dBm 
Gain min 13 dB OP1 14 dBm 
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Without the STC the input power range and the gain of the driver amplifiers RX1 
with the minimum gain we don't have problem at the driver controllable amplifier 
RX2 for both its minimum and maximum gain. On the other hand if we use the 1
st
 
stage at its maximum gain the power input value (about 10 dBm) at the driver 
amplifier RX2 (when it's used with minimum gain) are in the same region of the 
OP1dB (about 14 dBm). Under this assumption we can use the driver amplifier 
RX1 with lower gain. 
At the input of the third driver controllable amplifier (point G in Figure 6.4) we 
have four different cases: 
 
1. Driver Controllable Amplifier RX1 with minimum gain: 20 dB and Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB 
 
   90.3, 31.3 20 0.3 0.3 13 0.3 58.2,0.8RXP dBm           
 
2. Driver Controllable Amplifier RX1 with full gain: 40 dB and Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB 
 
   90.3, 31.3 40 0.3 0.3 13 0.3 38.2,20.8RXP dBm           
 
3. Driver Controllable Amplifier RX1 with minimum gain: 20 dB  and Driver 
Controllable Amplifier RX2 with full gain: 25 dB 
 
   90.3, 31.3 20 0.3 0.3 25 0.3 46.2,12.8RXP dBm           
 
4. Driver Controllable Amplifier RX1 with full gain: 40 dB  and Driver 
Controllable Amplifier RX2" with full gain: 25 dB 
 
   90.3, 31.3 20 0.3 0.3 25 0.3 26.2,32.8RXP dBm           
 
referring to the Driver Controllable Amplifier RX3 we obtain only two cases with 
the input power at the 3
th 
driver lower than its OP1dB. They are the case 1 and 3 
where we use the Driver Controllable Amplifier RX1 at its minimum gain. 
For the estimation of the power in the point H of the Figure 6.4 we have: 
 Page 107\131 
 
1. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB and Driver 
Controllable Amplifier RX3 with minimum gain: 13 dB 
 
   90.3, 31.3 20 0.3 0.3 13 0.3 13 45.2,13.8RXP dBm            
 
2. Driver Controllable Amplifier RX1" with full gain: 40 dB, Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB and Driver 
Controllable Amplifier RX3 with minimum gain: 13 dB 
 
   90.3, 31.3 40 0.3 0.3 13 0.3 13 25.2,33.8RXP dBm            
 
3. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with full gain: 25 dB, Driver Controllable 
Amplifier RX3 with minimum gain: 13 dB 
 
   90.3, 31.3 20 0.3 0.3 25 0.3 13 33.2,25.8RXP dBm            
 
4. Driver Controllable Amplifier RX1 with full gain: 40 dB, Driver Controllable 
Amplifier RX2 with full gain: 25 dB, Driver Controllable Amplifier RX3 
with minimum gain: 13 dB 
 
   90.3, 31.3 20 0.3 0.3 25 0.3 13 13.2,45.8RXP dBm            
 
5. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with minimum gain: 13 dB and Driver 
Controllable Amplifier RX3 with full gain: 25 dB 
 
   90.3, 31.3 20 0.3 0.3 13 0.3 25 33.2,25.8RXP dBm            
 
6. Driver Controllable Amplifier RX1 with full gain: 40 dB, Driver Controllable 
Amplifier RX2 with minimum gain: 13 dB and Driver Controllable Amplifier 
RX3 with full gain: 25 dB 
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   90.3, 31.3 40 0.3 0.3 13 0.3 25 13.2,45.8RXP dBm            
 
7. Driver Controllable Amplifier RX1 with minimum gain: 20 dB, Driver 
Controllable Amplifier RX2 with full gain: 25 dB, Driver Controllable 
Amplifier RX3 with full gain: 25 dB 
 
   90.3, 31.3 20 0.3 0.3 25 0.3 13 25 21.2,37.8RXP dBm             
 
8. Driver Controllable Amplifier RX1" with full gain: 40 dB, Driver 
Controllable Amplifier RX2 with full gain: 25 dB, Driver Controllable 
Amplifier RX3 with full gain: 25 dB 
 
   90.3, 31.3 20 0.3 0.3 25 0.3 13 25 1.2,57.8RXP dBm             
 
Taking into account the maximum and minimum values for the eight cases we 
have in the RF_OUT point a received power in the range -45.2 dBm and 57.8 dBm 
(without the filters) and between -56.2 dBm 46.8 dBm (with the filter PBF1). 
Therefore without the Sensitive Time Control we manually set the amplifiers gain 
in order to achieve a maximum power at the RF_OUT point of 10 dBm as 
requested and to operate in safety condition. Under this assumption we cannot use 
the external amplifier. In the next table are represented the operative conditions 
and the relative warning due to an excessive power. 
 
 
Driver 
Amplifier 
1 Gain 
[dB] 
OP1 
Driver 
Amplifier 
2 check 
Driver 
Amplifier 
2 Gain 
[dB] 
OP1 
Driver 
Amplifier 
3 check 
Driver 
Amplifier 
3 Gain 
[dB] 
STC 
OFF 
20 OK 13 OK 13 
40 OK 13 Warning 13 
20 OK 25 OK 13 
40 OK 25 Warning 13 
20 OK 13 OK 25 
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40 OK 13 OK 25 
20 OK 25 OK 25 
40 OK 25 Warning 25 
Table 6.4 Amplification strategy and warning - STC OFF 
 
The next figures report examples of the before mentioned concept. 
 
 
Figure 6.8 Example of Estimated power without Sensitive Time Control 
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Figure 6.9 Example of Estimated power without Sensitive Time Control 
 
  
Figure 6.10 Example of Estimated power without Sensitive Time Control 
 
In the following text a summary of the selected devices with their relative 
characteristics used in the RF radar front-end are reported. The summary will be 
organized in five different sections: 
 
 Antenna & Circulator 
 
Configuration 1 mt parabolic reflector horn special feed 
Frequency Range [GHz] 9.5 – 10.7 
Gain [dB] 30 dBi @ 9.5 Gz 
Beam Width Flat top topped 6° @ -3 dB 
Interface WR90 
Table 6.5 Antenna Parameters 
 
Material Aluminum 
Frequency Range [GHz] 9.5 – 10.7 
Power [W] 120 CW 
Isolation [dB] 30 
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Insertion Loss [dB] 0.1 
Interface WR90 
Table 6.6 Circulator Parameters 
 
 Power Amplifier & Low Noise Amplifier 
 
Frequency Range [GHz] 9.5 – 10.7 
RF Output Power [W] 100 
Small Signal Typical Gain [dB] 56 
Duty Cycle 0 – 100% 
RF Pulse Rise Time [nsec] 30 
RF Pulse Fall Time [nsec] 26 
Max RF input Power [dBm] 3 
Noise Power Density ON [dBm/MHz] -26 
Noise Power Density OFF [dBm/MHz] -90 
Typical Wide Band Spurious [dBc] -70 
Phase Noise Denisty [dBc/Hz] 
-120 @ 10 KHz 
-125 @ 100 KHz 
-130 @ 1 MHz 
Table 6.7 Mini TWT Power Amplifier 
 
Frequency Range [GHz] 9.5 – 10.7 
Gain min [dB] 26 
Gain Flatness [dB] ± 0.5 
Noise Figure [dB] 0.9 
Output P1dB [dBm] 10 
IP3 [dBm] 20 
Impedance [Ω] 50 
Table 6.8 Low Noise Amplifier 
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 Driver Amplifier 
 
Frequency Range [GHz] 9.5 – 10.7 
Gain  [dB] 40 
Gain Control Range [dB] 0-20 
Gain Control Type DC Voltage – Non Linear Control 
Output P1dB [dBm] 12 min 
Noise Figure [dB] 4 @ full gain 
Table 6.9 Driver Controllable Amplifier 
 
 
Frequency Range [GHz] 6 – 12 
Gain  [dB] 25 
Gain Control Range [dB] 0-12 
Gain Control Type DC Voltage – Non Linear Control 
Output P1dB [dBm] 
25 max 
14 min 
Noise Figure [dB] 
3.2 @ no gain control 
7 @ gain control 
Table 6.10 Driver Controllable Amplifier 
 
 
 Pin Diode Attenuator & Pin Diode Switch 
 
Frequency Range [GHz] 9.8 – 10 
Attenuation Range  [dB] 64 
Attenuation Control [V] 0 - 6 VDC non linear 
Phase Error [deg] ±15 @ -64 dB 
Amplitude Error [dB] ±1 
Insertion Loss [dB] 6 
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Power [dBm] 10 
Harmonic Rejection [dBc] 35 @ 10 dBm 
Commutation Speed [nsec] 350 
Table 6.11 Pin Diode Attenuator 
 
Frequency Range [GHz] 8 – 11 
Input Power [dBm] 20 max 
Insertion Loss [dB] 2.5 
Isolation [dB] 90 min 
Switch Speed [nsec] 50 
Control TTL 
Table 6.12 Pin Diode Attenuator 
 
Frequency Range [GHz] 9.5 – 10.7 
Input Power [W] 120 CW 
Insertion Loss [dB] 1.5 
Isolation [dB] 40 min 
Switch Speed [nsec] 300 
Control TTL 
Table 6.13 Pin Diode Attenuator 
 
 Waveguide Filters  
 
Center Frequency [GHz] 9.9 
Bandwidth [MHz] 10 
Insertion Loss [dB] 4.5 
Rejection [dB] 40 @ f0 ± 30 MHz 
Rejection 2
th
 3
th
 harmonics [dB] 40 
Group Delay [nsec] 62 
Table 6.14 Receviver Waveguide Filter 
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Center Frequency [GHz] 9.9 
Bandwidth [MHz] 2 
Insertion Loss [dB] 11 
Rejection [dB] 40 @ f0 ± 10 MHz  
Rejection 2
th
 3
th
 harmonics [dB] 40 
Group Delay [nsec] 177 
Table 6.15 Receviver Waveguide Filter 
 
 
 
  
Figure 6.11 X-band RF transmitter chain front (left) and rear (right) 
 
  
Figure 6.12 X-band RF receiver chain section 1; front (left) and rear (right) 
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Figure 6.13 X-band RF receiver chain section 2; front (left) and rear (right) 
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CONCLUSIONS 
 
Microwave photonic aims to combine radio and light waves technologies for 
synergistic operations between the millimeters\sub-millimeters and infrared 
regions. In the last two decades MWP has becoming an interesting and growing 
research field where, both civil and military applications could directly benefit 
from. Key advantages of a MWP system with respect to MIC are high speed and 
high bandwidth, very high dynamic range, reduced cost, size and weight, low 
power consumption and costant attenuation, reliability, tunability and high 
immunity to the electromagnetic interferences. Historical developments of MWP 
systems are in the field of analog microwave photonic link, antenna remoting and 
true time delay beamforming for phased array antenna and electronic warfare 
applcations. Recent improvements in device‘s fabrication open intriguing 
applications including high frequency and low noise photonic microwave and 
Therahertz signal generation, microwave photonic signal processing, photonic 
analog to digital converters and high data rate broadband wireless access 
networks. 
The objective of this thesis was the study, development, realization and testing of 
MWP demonstrators and prototypes for a frequency\waveforms agile, digital and 
wideband radar\telecommunications system. After a brief introduction on the 
MWP concepts and devices in the first two chapters, experiments and results on 
the photonic signal generation, analog to digital conversion and microwave 
photonic up\down conversions have been presented. 
The architecture of a photonic reconfigurable microwave signal generator has been 
presented in sections 3.1. It is based on the beating in a photodiode of two laser 
modes coming from an ultra stable MLL. Results up to 40GHz show excellent 
spectral purity compared to a state of the art synthesizer showing that the optically 
generated signals are characterized by lower phase noise at high offset frequency, 
and by comparable amplitude fluctuations. The stability performances in terms of 
time jitter of the RF source have been evaluated at 10 and 40 GHz. The jitter 
values integrated over the entire range are around 510fs, increasing to about 530fs 
at 40 while integrating from 5kHz, the time jitter drops down to around 4fs. 
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Than two innovative techniques for optically generating phase-modulated RF 
pulses, (suitable for wideband modulation) with flexible and stable carrier, have 
been presented in sections 3.2 and 3.3. Both the proposed schemes exploit a 
commercial device: a standard MZM (3.2), and a dual-parallel MZM (3.3), and 
they can generate softwaredefined amplitude/phase-coded signals allowing a new 
generation of advanced radio systems with reduced complexity and cost. In the 
first set up a high-quality DDS permits the generation of software-defined 
modulating signals (at intermediate frequency) which are transferred to the modes 
of a MLL by means of a standard MZM, without affecting their reciprocal phase 
stability. Therefore after detecting the optical signal, phase modulated RF pulses 
can be obtained close to any multiple frequency of the laser repetition rate, even at 
frequency in the EHF band. Finally a set of RF filters can select the radar signal at 
the desired carrier frequency. The carriers can be generated simultaneously or 
alternately, or even changed continuously. The modulating signal can also be 
changed meanwhile, implementing a waveform diversity technique. A 
demonstration has been made by applying code sequences or linear frequency 
modulation at about 10GHz and 40GHz with a time jitter on the RF carrier of 
about 14.2fs for the optically generated carriers and 15.3fs for the conventionally 
generated once, confirming the noise performance of the proposed scheme. The 
technique implemented in the second scheme exploits an optical I/Q modulator 
driven by a low-sample rate and low-noise DDS to modulate the phase of only one 
mode of the filtered MLL. The two laser modes are then heterodyned in a PD, and 
a RF pulse is properly filtered out. multilevel or binary coded sequences can be 
easily generated in this set up, a chirped signal is limited in bandwidth because the 
maximum frequency deviation is proportional to a multiple of the Vπ of the I\Q 
MZM. In this case modulations have been applied at 25GHz of carrier frequency 
with a timing jitter of 286fs over the entire offset frequency range.  
A photonic jitter limited sampling system with electrical quantization has been 
presented, in the paragrpah 4.1. It is based on low jitter optical pulses provided by 
a MLL with subsequennt four time-interleaved channels. Since higher sampling 
system is achievable (by easily scaling the system for larger signal BW) it 
represents flexible acquisition system for software defined radio applications. 
System performances have been tested with RF signals over a large frequency 
range, demonstrating a high level of precision (greater than 7 bits) up to 40GHz. 
The results show that the scheme is fundamentally limited by the sampling jitter 
and it approaches the theoretical limits for the considered signal frequencies. 
Further improving the ER of the switching matrix, and making use of a differential 
detection, would increase the system precision pushing it even closer to the 
theoretical limits imposed by the MLL timing jitter. In the paragraph 5 a high 
performance UWB photonic-assisted multi-band up\down-conversion of sparse 
wireless signals has been demostrated. It is easily based on the modulation of the 
laser modes of a MLL in a MZM, followed by the heterodyning of the optical 
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signal in a photodetector. Conversion of RF signals up to the MMB has been 
achieved thanks to the large optical spectrum of the MLL and to the wide electro-
optical bandwidth of the MZM and of the PD. The presented system has been 
tested up to 26.5GHz, with a maximum power penalty lower than 0.5dB with 
respect to the signal generated directly at high frequencies or low frequency, 
keeping high the quality of the signals both in transmission and reception 
Finally in the chapter 6 the radar system requirements for a photonic-based full 
digital radar system operating at X-band have been presented. Furthermore the 
opto-electronic and radio frequency sub-systems implementations and 
characteristics have been discussed and detailed. 
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